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Abstract
Since the discovery in 2008, the spin Seebeck effect has become one of
the most active topics in the spin caloritronics research field. It opened a new
way to create spin current by a combination of magnetic fields and heat. A
temperature gradient in ferromagnetic (FM) metals generates a flow of spin
current due to split of spin chemical potential between spin up and spin down
electrons. This thermal spin current has been detected using an attached nonmagnetic heavy metal with large spin Hall angle via the inverse spin hall effect
(ISHE). A voltage signal is generated since the nonmagnetic material converts
the spin current into a charge current in the direction orthogonal to both the
spin current and spin polarization directions.

Ferromagnetic (FM) metals can also convert the spin current to a charge
current with same exact symmetry if the magnetization is collinear with the
spin polarization. Interestingly, a new symmetry of spin-to-charge conversion
has been observed in FM metals in which the magnetization is out of the film
plane and orthogonal to the in-plane spin polarization of the spin current.
In this case, the generated voltage signal is parallel to the spin polarization
direction. A comprehensive study is carried out to understand this new spinto-charge conversion effect which we referred to as the spin galvanic effect with
ii

spin rotation symmetry (SGE-SR) . The sample under study is a spin valve
structure consisting of two FM layers, one of which is a free layer with an inplane magnetization and the other is a fixed layer with perpendicular magnetic
anisotropy (PML). By free-layer-thickness-dependent study, we observed two
microscopic mechanisms that contribute to the SGE-SR voltage signal. The
results can be fitted well to a drift-diffusion-magnetoelectronic-circuit model.

Spin current generated due to the SSE in FM metals and converted into
a voltage signal via the ISHE is measured with additional anomalous Nernst
effect (ANE) because they are sharing same symmetry. In an attempt to
resolve this issue, we use SGE-SR in which PML is utilized as spin current
detector to study SSE where the influence of ANE is absent. Here, we report
an experimental study of the longitudinal spin Seebeck effect (LSSE) of spin
valve structure composite of a thin ferromagnetic metals and a ferromagnetic
metal with perpendicular anisotropy detection layer. Using the perpendicular
magnetized layer (PML) as a spin current detector allows to generate two voltage signals in two different symmetry. A charge current with symmetry same
as the inverse spin hall effect in non-magnetic metals (NM) and charge current detected perpendicular the previous one. We called them as spin galvanic
effect with conventional symmetry (SGE-C) and with rotational symmetry
(SGE-SR). We measure series samples with different FMs and PMLs. We use
Py, Ni, and Co as a free layer, and Pt/Co, Pt/Co/Ni as a detecting layer. We
find that the ratio of spin dependent seebeck coefficient for two different FMs
can be estimated by taking the ratio of the SGE − SR signal for samples with
different FM layer and same PML. However, inconsistent ratio of the voltage
iii

signal generated from PML1 /PML2 for Co data is observed while the ratio for
Py and Ni agrees with each other. We extrapolate the spin diffusion length
for both Ni and Co to be 5nm and 4nm, respectively.
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Chapter 1
Introduction
1.1

Overview

After electron was discovered by J.J Thomson in 1897, the concept of
spin was described theoretically by Gouldsmit and Uhlenbeck in 1925 as the
intrinsic angular momentum of a particle [12, 13]. Shortly thereafter, it was
found that the electron spin can be quantized through Pauli matrices which
paved the road to the theoretical establishment of spintronics [14–16] . The
exploration of the spintronics field begins with the discovery of giant magnetoresistance (GMR) by Peter and Albert who won Nobel prize in 2007 [17,18].

In the field of spintronics, the spin degree of freedom is exploited to add
new capabilities and functionalities to charge-based electronic devices where
these devices are based on controlling and manipulating the flow and distribution of charge within a material [16]. The magnetic read heads for hard
disk drive technology [19–21], and nonvolatile magnetic random-access mem-

1

ory [22–24] are two examples of successful integrations of spin-based electronic
device [25].

The flow of spin angular momentum (spin current) in these devices are
generated electrically in which charge current going through a magnetic material drives spin-polarized electrons to generate spin current that transmits spin
angular momentum [26]. Besides the electric current, there are other methods
to generate spin current from a magnetic material, including spin pumping via
ferromagnetic resonance [27–29], and thermal spin generation [30, 31]. In the
thermal spin generation, a heat current is responsible for spin current generation. The combination here between the spintronic and thermoelectric effects
has led to the introduction of a new field called spin caloritronic [32, 33]. This
field was inspired by the observation of spin-dependent Seebeck effect (SDSE)
in ferromagnetic metals (FM) [30], where a thermal gradient generates a spin
current with no net charge flow in an open circuit, make it possible to control
spin current transport by means of heat.

In practice, heavy metals with strong spin orbit coupling are usually used
to detect spin current generated from the SSE via the inverse spin Hall effect.
The symmetry of this effect follows the symmetry of the spin Hall effect in
which the spin current flow direction, the spin polarization, and the measured
voltage are all orthogonal to each other. However, the voltage generated by
the spin Hall effect has the same symmetry with the voltage generated by
the anomalous Nernst effect from the ferromagnetic material itself. It is challenging to separate these two voltage signals, making it difficult to accurately
2

measure the spin-dependent Seebeck effect of a ferromagnetic metal. Recently,
a new symmetry of the spin orbit effect has been observed in which the spin
current is detected and converted into a voltage measured parallel to the magnetization of ferromagnet [5].

1.2

Objectives

Since the first observation of the SSE, great efforts have been devoted to
investigating its origin in ferromagnetic metals, semiconductors, and insulators with constant debate regarding possible contamination from other thermoelectric effects [34–36]. The SSE measurements have been carried out in
both longitudinal and transverse geometries [37]. In the longitudinal geometry, the temperature gradient is applied perpendicular to the plane of the FM
, while in the transverse geometry, the temperature gradient is applied in the
plane of the FM. It has been demonstrated that the transverse SSE signal is
actually due to the out-of-plane temperature gradient because of the limited
thermal conductivity of the substrate [3, 38, 39].Thus, in this dissertation we
use the longitudinal SSE configuration that has a well-defined direction for the
temperature gradient and is suitable for the propagation of spin current due
to the short spin-diffusion length.

One major technical challenge for the longitudinal SSE configuration is
that the spin current is measured by converting it into a voltage signal through
the inverse spin Hall effect. However, the voltage signal is contaminated with
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the Anomalous Nernst signal (ANE) since it has the same symmetry as the
inverse spin hall effect. Hence, the isolation of SSE signal in FM metals has
been considered a challenge [35]. By systematically studying the ANE, we show
that ANE is actually not an intrinsic effect of the bulk FM metals. Instead,
it can be influenced by the presence of a neighboring layer, which makes the
calibration of the ANE signal alone very difficult.

We developed a new method to mitigate the complication due to the
ANE, by using a special spin current detector that will generate a voltage
signal, perpendicular to the voltage signal due to the ANE. The special spin
current detector is a ferromagnetic metal with a perpendicular magnetization
instead of a traditional nonmagnetic metal. The mechanism for converting
the spin current into a voltage signal in the unique direction is referred to as
spin galvanic effect with spin rotation (SGE-SR). We show the existence of the
SGE-SR from a symmetry argument and lay out possible microscopic origins.
We also show how the SGE-SR can be experimentally measured and analyzed.

Using SGE-SR in a ferromagnet with perpendicular magnetization as a
spin current detection mechanism allows to measure the spin current generated by the SSE without the complication from the ANE [6]. With this
new method, we studied the SSE in a series of ferromagnetic metals including Py = (Ni80 Fe20 ), Co and Ni with two different perpendicularly magnetized
ferromagnetic spin current detectors.
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1.3

Outline of the dissertation

Chapter 1 presents an introduction to the proposed research, the objectives, and organization of the dissertation work.

Chapter 2 explains fundamental spintronics-related phenomena in the
context of this dissertation. After introducing the differences among charge
current, pure spin current, and spin polarized current, we go through the development of spintronics from the discovery of GMR to the observation of the
heat driven spin transport phenomena. The spin orbit coupling effects are also
discussed in both NM heavy metals and FM metals.

Chapter 3 discusses the fabrication and characterization methods used in
the research. It illustrates the experimental setup used for generating temperature gradient a cross a thin magnetic material grown on a silicon substrate.
We used ANSYS software to simulate heat flow in the experimental fixture
used in the real measurement. From that point we discuss what can be done
to enhance the stability and repeatability of the system.

Chapter 4 shows the experimental observation of the SGE-SR in a perpendicular magnetized film. Through a ferromagnet-thickness-dependent study,
we disentangle the two contributions to the SGE-SR signal by fitting the result
to a drift diffusion-magnetoelectronic-circuit model.
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Chapter 5 demonstrates the feasibility to use the SGE-SR effect to systematically study the spin-dependent Seebeck effect in FM metals. To confirm our
method is self-consistent, we perform thickness-dependent studies using three
different FM and two different perpendicularly magnetized film.

Chapter 6 summarizes the main results of this dissertation and points out
possible future directions in this research field.
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Chapter 2
Background and Overview
2.1

Development of Spintronics

Although the anomalous Hall effect is a spin-dependent electronic transport phenomenon known for many years, the discovery of giant magnetoresistance (GMR), which triggered a world-wide outburst of the spin-related
research, is considered as the birth of spintronics field. In most electronic
devices, such as transistors, the spin properties of electrons were not explored.
The discovery of giant magnetoresistance in magnetic multilayers demonstrates
that spins can be used to control the electrons transport in ferromagnetic materials , which open the door to many other spintronics related phenomena such
as spin Hall effect, and spin Seebeck effect.

It is worth pointing out the difference between charge current, spin polarized current, and pure spin current before going through the spin orbit coupling
related phenomenon. As demonstrated in Figure 2.1, a charge current Jc is a
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flow of electrons. A spin current Js is a flow of spins or angular momentum.
In paramagnets, such as Cu, Pt, etc., “spin-up” and “spin- down” electrons
are equal in population and are randomly distributed in an equilibrium state.
When charge current flow in these metals except heavy metals, there is no spin
current and there is just a flow of electrons as

Js = J↑ − J↓ = 0
Jc = J↑ + J↓ 6= 0
while in heavy metals such as Pt and Ta a pure spin current is generated (equal
number of spin up and down electrons are moving in opposite direction and
not accompanied of charge current) due to spin orbit coupling (SOC). In the
ferromagnetic metals (FM), like Co, Ni, etc., the conduction electrons at the
Fermi level, “spin up” and “spin-down” electrons are unequal and there are
majority spins (more electrons have that spin orientation) and minority spins
(fewer electrons have that spin orientation). Hence, as charge current flow,
electrons with opposite spins cannot cancel out and there is a spin polarized
current generated as

Jc = J↑ + J↓ 6= 0
Js = J↑ − J↓ 6= 0
.
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Figure 2.1: Illustration of charge current, spin polarized current, and pure
spin current. The red and purple arrows represent the majority and minority
electron spins, respectively. The black arrows show the flow direction of the
electrons. Js is the spin current and Jc is the charge current

2.1.1

Anomalous Hall effect

Eighteen years before the electron was discovered, the Hall effect was
observed by Edwin H. Hall [40] as a transverse voltage generated due to applying a longitudinal current I through a conductor in the presence of a vertical
magnetic field Hz . The Hall effect was interpreted as a result of the Lorentz
force that deflects charge carriers orthogonal to both the current and the magnetic field direction which leads to generate charges accumulation at the two
sides of the sample as shown in Figure 2.2 (a).
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In 1880, Hall found that the Hall effect in ferromagnetic (FM) conductors
is ten times larger than what was found in non-magnetic (NM) conductors.
This enhanced Hall effect was called the anomalous Hall effect (AHE) [41]. In
particular, Ferromagnetic metals can show Hall effect even in the absence of the
external magnetic field because of their spontaneous magnetization Mz . Electrons with majority and minority spin having opposite “anomalous velocity”
due to spin orbit coupling, which causes unbalanced electrons concentration
at two transversal sides (spin-polarized current jsp ). This accumulation leads
to a measurable voltage perpendicular to both the FM magnetization and the
applied current as shown in Figure 2.2 (b).

Figure 2.2: An illustration comparing (a) Hall effect: longitudinal current Ix
passing through nonmagnetic material (NM) with vertical external magnetic
field Hz generates transverse voltage VH because of carriers that experience
Lorentz force push them aside. (b) Anomalous Hall effect: due to the spontaneous magnetization of the ferromagnetic material (FM), electrons with majority and minority spin experience different velocity causes unbalanced electron
concentration at the two transversal sides leading to anomalous hall voltage
VAH
.
The difference between the Hall effect and the anomalous Hall effect is
shown in Figure 2.3. The anomalous Hall resistivity ρAH has non-linear depen10

dence on magnetic field versus the hall resistivity ρOH in which ρOH increases
linearly with Hz ; whereas ρAH initially increases steeply in weak Hz but saturates at a large value that is nearly Hz independent.

Figure 2.3: Typical behavior of both hall (red line) and anomalous hall resistivity (blue line) upon applying an external magnetic field [1]
Anomalous Hall effect is usually described by this phenomenological equation:
ρxy = ρH + ρAH = Ro H + 4πRs Mz
where the first term represents the Hall resistivity arising from the influence
of the Lorentz force, while the second term is the anomalous hall resistivity
coming from the spontaneous magnetization [1]. This dependence of resistance
on magnetic field is called Hall resistance. However, if the current is passing
through a longitudinal direction and we are measuring the resistance along the
current direction we called this resistance as magnetoresistance (MR) [42].
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The most common studied MR effects are giant magnetoresistance (GMR),
anisotropic magnetoresistance (AMR), and tunnel magnetoresistance (TMR).
These MR effects typically arise from spin-dependent transport of charge carriers through different nanostructure.

2.1.2

Giant Magnetoresistance

As a start of spintronic research, magnetic multilayers were used and
actively investigated in 1980s [12]. Due to advances in thin film preparation
techniques, it has become possible to deposit two or more materials alternately
in order to construct different designed structures with nanometer thickness.
Such structures allow studying new effects related to the electrons transport,
as well as investigating magnetism at interfaces and in very thin layers.

In 1988, Giant Magnetoresistance (GMR) was discovered by Grunberg
and Fert in Fe/Cr thin multilayer system [12, 17]. In their seminal work, they
observed that the resistance of thin film structures composed of alternating
ferromagnetic and non-magnetic layer is influenced by relative magnetization
orientation of the FM layers. As shown in Figure 2.4 , electrons with spin
polarization parallel to the magnetization of the FM layer will experience less
scattering so the structure exhibits a lower resistance (P configuration) as

RP =

R↑R↓
R ↑ +R ↓
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Whereas when the magnetization is anti-parallel with the spin polarization (AP configuration), the electrons will experience more scattering, so the
electrical resistance will be larger as

RAP =

R ↑ +R ↓
2

Thus, the magnetoresistance ratio which is basically the GMR effect is
determined by this expression

GMR(%) =

RAP − RP
(R ↓ −R ↑)2
∆R
=
× 100%
=
R
RP
4R ↓ R ↑

Figure 2.4: (a) Illustration of spin dependent of electron scattering that used
to study the GMR effect in both parallel and anti-parallel magnetization configuration.The brown arrows indicate the magnetization of the FM layers, the
beige layer represents the non-magnetic layer, and the solid lines show the electron trajectories within the spin channels. (b) A resistor model to illustrate
the resistivities of the spin-up and spin-down channels
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During the journey of electrons through the structure of FM/NM/FM, a
non-polarized current turns polarized in the ferromagnetic layer because of the
asymmetry in density of states of spin up and down electrons at Fermi energy
level, as illustrated in Figure 2.5(a). Hence, the spin of flowing electrons experiences different scattering rate in the FM layer. This can be referred to as
spin filtering effect of FMs [43, 44]. When the magnetization of the spin filters
are aligned with spin polarization, majority electrons can pass through relatively easily; while minority electrons are reflected (see Figure 2.5 (b)). As
the electrons with polarized spin enter the NM layer, they will experience the
same scattering rate regardless of the spin because of the identical density of
states for spin-up and -down electrons, which then enter the second FM layer
with polarization collinear with the magnetization.

Figure 2.5: (a) The density of state for both spin up and down electrons in
non-magnet are equal while in ferromagnet are different which causes nonzero spin polarization. (b) A tri-structure of FM/NM/FM used to explain the
GMR along with the spin filtering effect that take place at the first FM layer.
FMs act as spin filter where minority spins (purple arrows) are preferentially
transmitted while majority spins (red arrows) are reflected
When the spin polarized current enters the second FM layer, a torque will
be exerted on the local magnetic moments. As a result the magnetic moment
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will reorient or be in a precession state. This can be understood by the conservation of the angular momentum. Since the spin polarized current will be
aligned by the magnetization of the second FM layer , the change of angular
momentum in the spin current is transferred to the second FM magnetization.
This effect is called spin transfer torque (STT) [45, 46]. A typical STT device
is shown in Figure 2.6 with fixed and free FM layer, which is either a conductor
or an insulator. Depending on the direction of electron flow and the magnetization of the FM layers, either the P or AP state appears. The electron spins
rotates toward the direction of the FM magnetization and the magnetization
rotates toward the incoming electrons spin direction. This STT effect has been
used in the application of magnetic random-access memory (MRAM), where
by changing the writing current polarities, the magnetization configurations
can be switched between parallel and antiparallel states.

2.1.3

Anomalous Nernst effect

The Anomalous Nernst effect is another spintronics related phenomenon
that can be observed in magnetic metals [3, 47]. The birth of this effect goes
back to the discovery of the Nernst effect, in which a voltage was observed in
metal when a temperature gradient and a magnetic field are applied in perpendicular directions. The induced Nernst voltage is perpendicular to both
temperature gradient and magnetic field directions as illustrated in Figure 2.7
(a). The Nernst effect can be viewed as a thermal analogue of the Hall effect,
both of which are due to the Lorentz force.

15

Figure 2.6: Schematic illustration of spin transfer torque occurs in the structure of fixed magnetic layer / nonmagnet/ free magnetic layer. A flow of
electrons going through the fixed FM layer will be polarized. The polarized
spin current will exert torque on the magnetization of the free FM layer which
rotates the FM magnetization toward the spin direction.
The Anomalous Nernst voltage (VANE ) is generated due to exposing FM
conductors with spontaneous magnetization to a perpendicular ∇T as defined
here

VANE = αN µ0 (M × ∇T )
where αN , µ 0 , M is the anomalous Nernst coefficient, permeability of free
space, and magnetization, respectively. As shown in Figure 2.7 (b), ANE is
similar to the AHE. Both the AHE and ANE are thought to be due to spin
orbit interaction. However, in the ANE, an in-plane temperature gradient is
applied instead of an electric current. The ANE can be viewed as a combinational effect of spin Seebeck effect and inverse spin Hall effect, where a spin
current is generated flowing along ∇T . The spin current is converted to charge
current orthogonal to both the M and ∇T.
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Figure 2.7: Schematic illustration of (a) the Nernst voltage VN E induced in
NM perpendicular to both the external magnetic field H and the temperature
gradient ∇T . Lorentz force is responsible to deflect charge carriers which
gives raise to the Nernst voltage. (b) the anomalous Nernst voltage VANE is
generated in FM orthogonal to both its magnetization and applied temperature
gradient where the ∇T drives spin polarized current Qσ

2.1.4

Spin Seebeck effect

The generation of an electric voltage by applying a temperature gradient
through dissimilar metals junction was discovered two centuries ago as the
Seebeck effect [48, 49]. The Seebeck effect occurs because of conduction electron moving from the hot side (higher chemical potential) to the cold side,
therefore this effect only exists in conductors.

In 2008, the field of “spin caloritronics” was created by the discovery
of the spin Seebeack effect (SSE) in which spin current is generated from a
ferromagnetic material by heat. Uchida et al. demonstrated that when a
structure of FM metal /NM is placed under a temperature gradient , a spin
current is generated parallel to the temperature gradient ∇T and injected into
17

the adjacent NM metal [30]. This spin current is converted into a transverse
voltage via the inverse spin Hall effect in the NM, perpendicular to both ∇T
and M. Voltage generated here can be explained as

VISHE k θSH Qσ × σ
where θSH , Qσ , σ is spin Hall angle, spin polarized current, and spin polarization, respectively [50, 51].

The generation of the spin current in ferromagnetic metals can be described
as
Qσ = (σ↑ S↑ − σ↓ S↓ )(−∇T )
where σ is the electrical conductivity of the majority (spin-up) and minority
(spin-down) electrons. In ferromagnetic metals, the majority and minority
spin electrons are different in density and they scatter with different rates.
Thus, they have different electrical conductivity and spin Seebeck coefficient
S. As a FM metal is subjected to a temperature gradient, electrons with spinup and spin-down flow in opposite direction giving rise to a transverse voltage
in closed-circuit condition. For this reason the spin-dependent Seebeck effect
terminology have been used to distinguish between the spin Seebeck effect in
metals than that in insulators [52, 53].

Both the Seebeck and spin Seebeck effects requires the application of a
temperature gradient. However, there are two main differences between them.
First, the SSE exists in magnetic conductors, semiconductors, and insulators;
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whereas the Seebeck effect occurs in just conductors and semiconductors, but
not insulators [52–54]. Second, unlike the Seebeck effect that generates charge
current, the SSE generates spin current due to asymmetry of spin-up and spindown electrons in magnetic material [30, 48, 49].

There are two different configurations for spin Seebeck effect device; the
longitudinal and the transverse spin Seebeck effect (LSSE, TSSE) [30,55]. For
the longitudinal spin Seebeck effect, the spin current flows parallel to the temperature gradient that is applied perpendicular to the interface of FM/NM
∇Tz Figure 2.8 (a). In this configuration, both the anomalous Nernst effect
(ANE) which is discussed before and the SSE can be observed in FM conductors since they share the same symmetry. In the TSSE device, the temperature
gradient is applied parallel to the FM/NM interface (∇Tx ), perpendicular to
the spin current flow direction Figure 2.8 (b). This configuration has been
under debate because it has been difficult to replicate. It was believed that
the observed voltage is actually due to the LSSE or anomalous Nernst effect
generated by a contact tip induced out-of-plane temperature gradient [55]. For
this reason, in this dissertation we will utilize just the LSSE for studying new
spin orbit effect.
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Figure 2.8: A non-magnetic heavy metal is typically used to convert the spin
current generated via SSE to a measurable charge current. Different configuration of SSE illustrate here shows that (a) VLSSE−ISHE ⊥ ∇Tz ⊥ M, (b)
VTSSE−ISHE ⊥ ∇Tx k M

2.2

Spin Orbit Coupling in Non-magnetic Materials

Spin orbit coupling can generate a pure spin current in non-magnetic metals (NM). It originates from the coupling between the electrons spin degrees of
freedom and orbital angular momentum. Electron moving around a positively
charged nucleus experiences an electric field that transforms to a magnetic
field B, which interacts with the magnetic moment (electron spin µ). This
interaction leads to several phenomena within the field of magnetism.

2.2.1

Spin Hall effect

One of the SOC-induced phenomena is the spin Hall effect (SHE), which
allows generation of pure spin current using a non-magnetic heavy metal (NM).
When a charge current is applied through a NM 5d metals that shows a strong
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SOC such as Pt and Ta, electrons are deflected to cause a symmetric separation
of spin-up and spin-down electrons leading to accumulation at opposite sides
of the metal .As a result, pure spin current Q is generated in the transverse
direction with polarization σ perpendicular to both spin and charge current
flow direction as shown Figure 2.9 (a).

Q = θSH

~
(je × σ)
2e

where θSH , ~, σ, je is the spin hall angle, reduced Plank constant, spin polarization, the electronic charge, and the applied electric current density, respectively [56, 57].

2.2.2

Inverse spin Hall effect

Inversely, a spin current Qσ inject from a FM into a NM heavy metal is
deflected by spin orbit scattering to generate a charge current in the transverse
direction as shown in Figure 2.9 (b) [50, 51].

Je = θSH

~
(Q × σ)
2e σ

It can be said that the spin Hall (SHE) and the inverse spin Hall effects
(ISHE) are bulk effects of non-magnetic metals (NM) that originate from the
spin orbit coupling (SOC). They have been used as a tool for spin- charge
conversion [56, 58–60]. In the presence of the interfacial spin orbit interaction
two more mechanisms will appear leading to spin charge conversion as well.
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These two mechanisms are the Rashba-Edelstein effect (REE) and the inverse
Rashba-Edelstein effect (IREE) , which are explained in the next section.

Figure 2.9: Illustration of the SHE and ISHE that are observed on NM heavy
metal. Either spin separation into opposite side of the material occurs as in the
SHE or spin accumulation at one side will happen as in the ISHE. Depending
on the spin polarization direction in (a) pure spin current is generated in y
direction with polarization direction along z-direction. In (b) the injected spin
polarized current is converted to charge current which can be measured in y
direction. In both of them charge current, spin current, and spin polarization
are orthogonal to each other Je ⊥ σ ⊥Q.

2.2.3

Rashba-Edelstein effect

Rashba effect originates from the interfacial SOC. It is present in the system lacking inversion symmetry. If we have electrons moving near an interface,
electrons typically will experience a net electric field (E) perpendicular to the
interface, which induces an effective magnetic field in the electron’s rest frame
via the SOC. This interfacial SOC effectively couples the spin to the electrons
motion.
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The Rashba-Edelstein effect (REE) was originally studied in the twodimensional (2D) electron gas, in which electrons transport is trapped in the
xy-plane (at the interface) with no movement along the z-direction [61, 62].
These electrons feel an effective magnetic field BREE called the Rashba field,
which is given by

BREE = αR (z × k)
where αR is the Rashba coefficient determined by the strength of interfacial
SOC, z is a unit vector normal to the interface, and k is the electron wave
vector. BREE will polarize electron spin depending on the wave vector. In the
absence of an electric field, the net spin polarization is zero because the symmetry of electron wave vectors. When an electric field is applied, the symmetry
in the electron wave vector is broken, and a net spin accumulation is induced.
The accumulated spin can exert a spin torque on a neighboring ferromagnetic
material via exchange coupling [61]. It is still an ongoing research to disentangle the contributions from the SHE and REE to the spin-orbit torque [63, 64].

Using the 2D model to describe the REE at the interface of the NM/FM
metals is not actually accurate, since electrons motion is not confined in the
two-dimensional interface plane. By treating the interfacial SOC as a spindependent potential as electrons are scattered across the interface, Amin et
al. showed that interface SOC can also generates spin current flowing perpendicular to the interface, with the same symmetry as the spin Hall effect [65,66].
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The interfacial SOC has two effects on the electron spins as electrons
scatter from the interface: (1) momentum-dependent spin filtering, and (2)
momentum-dependent spin precession. Through the spin filtering, a spin
polarized current is generated from unpolarized current as shown in Figure
[2.10]. This occurs because the incoming electrons with spin parallel and
antiparallel to the Rashba field ( σ k BREE ) have different reflection and
transmission probability. With same symmetry, this can happen not just at
FM/NM interface but also at an interface between two dissimilar nonmagnetic
materials.

The spin precession mechanism will be discussed in details in the transverse spin orbit effect section 2.3.2 since the symmetry is different than the
conventional one observed in SHE where the spin polarization is perpendicular
to the interfacial spin orbit field BREE .

Figure 2.10: Illustration of the spin filtering occurs at the interface where
unpolarized current polarized (spin polarized current Qσ). Here the interfacial Rashba field BREE works as a filter for reflected and transmitted electron
depending on spin orientation where σ k BREE .
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2.2.4

Inverse Rashba-Edelstein effect

Recently, inverse process of the spin current generation through the REE,
the inverse REE (IREE), has been observed in metallic films [6]. Due to the
interfacial SOC, the IREE converts a spin current into a charge current. This
IREE is analogues to the inverse of the ISHE in bulk materials. We refer to
both of the ISHE and IREE as spin galvanic effect (SGE) [3].

2.3

Spin Orbit Coupling in Ferromagnetic Materials

2.3.1

Longitudinal spin orbit effect

Both the SHE and ISHE were observed in ferromagnetic metals such as Py
with same symmetry as they occur in NM. A structure of Py adjacent to a FM
insulator as yttrium iron garnet (YIG) was used to confirm that FM metals
could work not only as a spin current generator but also as a detector [51]. An
out-of-plane temperature gradient (longitudinal spin seebeck effect LSSE) was
used to inject a pure spin current from the YIG into Py. This spin current was
converted into a charge current using the Py layer in which the voltage signal
is measured perpendicular to both the spin current flow direction and the spin
polarization. Later on, Co was used as a spin current detector in a structure of
Co/Cu/YIG. Here, an insertion of Cu used to eliminate the exchange coupling
between the two FMs [67].
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It is commonly assumed that spin currents, generated due to the SHE
within ferromagnets, have spin directions aligned with the magnetization.
Constraints may presence based on symmetries which allow or prohibits system responses. The Curie principle [68] can be used to interpret that in which
there is an inversion symmetry, rotational symmetries about x, y and z axes,
and mirror symmetries about xy, xz, and yz planes. The symmetry of an effect
(e.g. electrical spin current generation) must coincide with the symmetry of
the cause (e.g. the symmetries of the material and applied electric field). If
the effect breaks a symmetry that the cause preserves, then the effect cannot
exist. If the cause breaks a symmetry, then any effect that breaks the same
symmetry is permissible.

An electric field applied along x through a magnetic material with magnetization along y break both the rotational symmetry and the symmetry about
xy plane, leaving only the symmetry about xz plane as seen in Figure 2.11
(a). Hence, charge current can be generated along z, which corresponds to
the well-known anomalous Hall effect [41]. Besides that, a spin current flows
in z-direction with spin direction in y longitudinal to the magnetization. This
spin current was allowed originally in nonmagnetic materials with more constraints, and therefore is still allowed here in magnetic materials [2].

2.3.2

Transverse spin orbit effect

In a ferromagnetic metal, electrons spin are expected to be aligned collinear
with magnetization, when SOC is not taken into account. Transverse spin- spin
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polarization that is perpendicular to magnetization experience strong exchange
magnetic field from local magnetization and precesses rapidly. Since electrons
in ferromagnetic metals are generally non-cohernet (with different wave vectors), non-coherent precession of electron spins lead to strong dephasing of
transverse spins. Therefore, when a transversely polarized spin current is
injected into a ferromagnet, transverse spins get dissipated into magnetization
within 1nm of penetration depth. Because the transverse spin dephasing is so
strong, the spin transfer torque process discussed in section 2.1.2 is usually
considered as an interface effect [45, 46].

However, when SOC is considered, electrons spin in the ferromagnet not
only experience an exchange magnetic field, but also a wave-vector-dependent
magnetic field due to SOC. In this case, electron spins are no longer expected
to be aligned with the magnetization. As a result, an electric current is
expected to generate spin current via SOC in a ferromagnet even with transverse spins [5].

When an electric current is applied in x-direction and the magnetization
is aligned in the z-direction as shown in Figure 2.11 (b), the only constraint is
the mirror symmetry along xy plane. Thus, two different spin current can be
generated. First, a spin current flows in z-direction with spin direction along
y. The symmetry of this generated spin current follows the conventional spin
Hall symmetry Qσ ⊥ σ ⊥ E except that the spin direction here is transverse
to the magnetization. We called this symmetry as the conventional symmetry
of the spin orbit effects discussed in previous section in which spin current,
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charge current, and spin polarization are all orthogonal to each other [2,5,56].
The symmetry of spin current and charge current generated by the SHE and
ISHE is described as

Qσ = θSH

je = θSH

~
(j × σ)
2e e

2e
(Qσ × σ)
~

where Qσ is the spin polarized current, and j e is the charge current. As shown
in Figure.2.12, spin current flows out of plane in a FM/NM structure generates
an in-plane charge current with direction Qσ × σ. We called this as the spin
galvanic effect with conventional symmetry SGE-C.

Second, another spin current is allowed by the symmetry flowing in zdirection with spin direction along y. The symmetry of this generated spin
current does not follow the conventional spin Hall symmetry where Qσ ⊥
σ kE and the spin direction is transverse to the magnetization. We called
this spin current as spin current with spin rotation symmetry which can be
described as

QR
σ =

~ R
θ j × (m × σ)
2e e

where θR is the spin-charge conversion efficiency for the SOE with spin rotation
symmetry. With the same manner, the inverse effect occurs to detect charge
current in the direction Qσ ×(σ × m) . As illustrated in Figure 2.12, spin
galvanic effect with spin rotation symmetry (SGE-SR) leads to generate a
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charge current parallel to the spin orientation [3, 5]. This generated charge
current can be described as

jR
e =

2e R
θ Qσ × (σ × m)
~

Figure 2.11: The possible electrically-generated spin currents in a ferromagnetic material with two different symmetries. In (a) spin current Qzy is generated with polarization along the magnetization, whereas in (b) the Qzy has
polarization transverse to the magnetization. The symmetry of the system
is shown on the left. To the right, four hypothetical charge/spin currents are
presented. Red crosses mean the spin current is disallowed by symmetry, green
check marks mean the spin current is allowed by symmetry in both nonmagnetic and magnetic materials, and yellow check marks mean the spin current
is allowed by symmetry in magnetic materials but not in nonmagnetic materials. Red arrows give the magnetization direction and the light blue rectangles
represent the ferromagnetic thin films [2].
The SGE-SR was explained by two mechanisms: the interfacial spin precession, and the bulk spin swapping [65, 69]. The interfacial spin precession
requires at least one FM layer in the system to occur. As illustrated in Figure
2.13, the incoming electrons carry a spin polarized current (σ⊥BREE ) precess
about the interfacial spin orbit field BREE identically upon scattering from the
interface. The scattered electrons will change their spin polarization direction
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Figure 2.12: Illustration of the spin galvanic effect SGE with the two different
symmetry (1) with the conventional symmetry SGE-C where is charge current
je , spin current, and spin polarization all orthogonal to each other , and
(2) with the spin rotation symmetry SGE-SR where the voltage signal jeR is
measured parallel to the spin polarization [3].
to be along (σ × BREE ) and remine polarized. This interface-generated spin
current is subject to dephasing once it enters FM layer because of the exchange
field that dephases the transverse component. Dephasing typical occurs in less
than 1nm from the interface. In Figure 2.11, because the interface-generated
spin current will be polarized parallel or antiparallel with the magnetization
of the FM layer, electrons will gain different velocities in this FM layer which
give rise to a charge current in the x-direction [69]. This is what we called as
SGE-SR signal.
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Figure 2.13: Illustration of the spin precession occurs at the interface where
spin polarized current remines polarized but its spin orientation changed to be
along z-direction after precession and scattering from the interface. Here the
SGE-SR voltage signal is measure on the x-direction [3].
The spin swapping occurs because of impurity induced SOC on the bulk
FM or NM. Its name is coming from the new transformed spin current whose
propagation direction and spin polarization are swapped from the injected spin
current. As shown in Figure 2.14 , when a spin current with momentum k and
spin polarization along the x-direction injected into the attached FM metal
(electrons flow in the z-direction), electrons may undergoes precession about
magnetic field BSSW that is induced by an impurity center. This magnetic
field is orthogonal to the spin polarization direction and the electrons flow
direction [69]. Thus, a new spin current is generated with interchanged spin
polarization and flow directions of the primary spin current which yields to
the SGE-SR voltage signal measured in the x-direction.
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Figure 2.14: Illustration of the spin swapping mechanism in the FM. When
an electron is scattered by an impurity (blue circle), the spins precess around
an effective magnetic field BSSW [3]
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Chapter 3
Apparatus and Methods
3.1
3.1.1

Sample Fabrication
Magnetron Sputtering Deposition

Magnetron sputtering is a physical vapor deposition (PVD) technique
that uses sputtering to deposit a uniform thin film. It is a flexible and easy
method to fabricate metals, alloys, semiconductors, and insulators. Besides
that, it provides a large coating area and strong adhesion [70].

In a typical process of sputtering deposition, a chamber is first evacuated
to a base pressure on the order of 10−8 Torr. During the deposition, a sputtering gas - typically an inert gas such as Ar - is injected into the chamber
to reach a pressure in the mTorr range. High voltage is applied between the
target (cathode) and the chimney on the gun which is grounded to the same
potential as the substrate as shown in Figure 3.1. Electrons accelerated due
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to the strong electric field will cause ionization for the gas atom. The positive
ions Ar+ will be accelerated towards the negatively charge cathode leading
to high energy collisions with the target surface. These collisions knock out
target atoms from the surface of the target via energy transferring from the
accelerated ions to the target atoms. As the Ar+ ions travel to the substrate,
plasma glows continuously [71]. The knocked out target atoms will accumulate
on the substrate to build a uniform film.

Figure 3.1: Illustration of the working principle of the magnetron sputtering
We should point out that target is placed on magnets in such a way that
one of the poles is at the center and the opposite poles are circling the center
magnet as shown in Figure 3.1 In this way, the magnetic field is able to confine
the secondary electrons generated from the ionization process in a region near
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the cathode. Hence, electrons will continue ionizing the rest of the gas and a
high plasma density is generated near the surface of the target due to Lorentz
force.

Figure 3.2: The magnetron sputtering system used in current research
In this dissertation, we use AJA international sputtering system equipped
with 7 magnetron sputtering guns. Three guns are connected to DC power
supplies, and the rest four guns are connected to a RF power source via a
switching box. A picture of the sputtering system is shown in Figure 3.2.
Depending on the target materials, the DC sputtering is usually used for conductive materials deposition such as metals; while RF coating is used to deposit
dielectric materials such as oxides. The reason behind that is: RF sputtering uses an alternating electric current field that can eliminate positive charge
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buildup on an insulating target material. This happens by bombarding the
target alternately with positive ions and negative electrons to neutralize the
charge accumulation [72].

3.2

Sample Characterization and Measurement
Methods

3.2.1

Magneto-optic Kerr Effect Measurement

Magneto-optic Kerr effect (MOKE) describes the change in polarization
of incident light as it is reflected by a magnetic material. It is a technique
for the characterization of ferromagnetic materials. It allows to quantify magnetic properties such as coercivity, remanence, and saturation field as well as
provide information about the optical and magneto-optical properties of the
material. It is an easy to implement with high sensitivity, and capable to
probe magnetization in small regions of the sample [69].

It was first reported in 1877 by John Kerr after a similar effect was
observed by Faraday in 1854 [73], where he found that the polarization of
incident light is changed after transmitted through a magnetic material. In
both cases, the polarization of the incident light after reflection or transmission depends on the magnetization orientation of the sample with respect to
the plane of incidence. The plane of incident is defined as the plane spanned
by the plane normal to the sample surface and wave propagation vector k as
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shown in Figure 3.3. By convention, a light polarization parallel to the plane
of incident is called p-polarization, while that perpendicular to the plane of
incident is called s-polarization.

Depending on the relative direction between the magnetization and the
plane of incidence, MOKE can be classified into three different geometries:
polar, longitudinal, and transverse [74], which are shown in Figure 3.3(a-c),
respectively. In the polar geometry, the sample’s magnetization, M, is out of
the sample plane and parallel to the plane of incidence. In the longitudinal
geometry, the magnetization is in the sample plane and is parallel to the plane
of incidence, while in the transverse geometry, the magnetization is in the
sample plane and perpendicular to the plane of incidence.

When linearly polarized light incidents on a magnetic material in a polar
geometry, the polarization is rotated, and also becomes slightly elliptical. The
rotation of polarization is often quantified by Kerr rotation angle (θk ), while
the ellipticity change is measured by Kerr ellipticity εk . The Kerr rotation is
the rotation angle of the major polarization axis, and Kerr ellipticity is the
ratio of major to minor axes. Together, they form the complex Kerr angle
Φk = θk + εik . The size of the effect depends on the type of material, and the
wavelength of the incident light.

The effect on linearly polarized light in the longitudinal geometry is the
same as that in the polar geometry, with a rotation of the polarization or an
ellipticity change upon reflection. In the transverse geometry, however, there is
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no change to the light polarization. Instead, the reflectivity of light (magnitude
of the reflected light) changes as magnetization is reversed. It is important
to note that for a sample with an arbitrary direction of M, a combination of
these three effect can exist and care must be taken to only measure one of them.

Figure 3.3: Illustration of the three different geometries of MOKE. An inplane magnetization is detected in the longitudinal and transverse configuration while an out of plane magnetization is detected in the polar MOKE.
The red arrow represents the incident light, the grey triangle represents the
plane of incidence, and the primed components represent the reflection of the
polarized incident light.
In our MOKE setup shown in Figure 3.4, a 3D printed holder allows us
to switch the sample between polar and longitudinal configurations. It also
allows fine adjustments to align the optics. In this way, we keep the laser source
and detection device fixed in place. The sample holder is placed between the
electromagnet poles in which Laser (wavelength = 635 nm, power = 5mW)
beam is reflected by a mirror onto the sample surface in the polar MOKE
measurement (red line in Figure 3.4) whereas the light red line represents the
laser beam bath in longitudinal MOKE measurement. Then, the beam goes
through an iris that is assists adjustment and alignment of the laser beam.
After that, the light is split into two beams by a polarization beam splitter,
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which are recollected by focused lenses before entering the balanced detector.
A LabVIEW program is used to control the detection and showing the hysteresis loop of the out of plane magnetization. From the shape of the hysteresis
loop, both static and dynamic magnetization reversal processes can be investigated in detail, but no quantitative measure of the magnetization is provided.

A linearly polarized light can be described using the Jones matrix [4, 75]
that utilizes a vector representation of light polarization as :
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Here, the linearly polarized light is decomposed into two equal-amplitude
→
− →
−
circularly polarized fields ( E + , E − ) of opposite handedness. These two circularly polarized lights interact differently with the magnetic material, which
leads to difference in the index of refraction. As a result, the reflected light
is rotated and the ellipticity is affected by this independent behavior of the
two components [76]. The effect of reflection off the sample surface can be
presented by the electric field vector amplitude of the reflected beam E r at
the photodetector as
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where Esr , Epr , Esi , and Epi are reflected and incident s-polarized and p-polarized
field, respectively. rss , rsp , rps , rpp are the dielectric tensor depended reflection
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coefficients which are defined as rss =

Esr
,
Esi

rsp =

Esr
,
Epi

rps =

Epr
,
Esi

rpp =

Epr
.
Epi

In

terms of theses coefficients for s and p polarization, the complex Kerr angles
can be redefined as φks =

rps
rss

and φkp =

rsp
rpp

. For the p-polarized wave, the

complex Kerr angles can be written for polar MOKE as

φkp =

rsp
in0 n1 cosθ0 mz Q
=
rpp
(n0 cosθ0 + n1 cosθ1 )(n1 cosθ0 + n0 cosθ1 )

where n, θ0 , θ1 , mz are the refractive index ,the angle of incidence, the angle of
refraction, and the direction of the magnetization, respectively.

Figure 3.4: Illustration of MOKE measurement setup for both Polar MOKE
and longitudinal MOKE.
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3.2.2

Magneto-thermo electric apparatus

This apparatus was built to establish a perpendicular temperature gradient a cross a thin magnetic multilayer films grown on silicon substrate for
studying the longitudinal spin Seebeck effect [37]. In this setup, we use two
Peltier elements to generate the temperature gradient a cross the sample. Since
the Peltier element has two dissimilar semiconductors, n-type and p-type, it
provides cooling and heating upon connecting them to an electric voltage.
Alternately, p and n type semiconductors are arranged parallel to each other
with a thermally conducting plate on each side as shown in Figure 3.5. When
voltage is applied to their ends, one side of the Peltier element absorbs heat
making other plate release heat. The direction of this thermal gradient is controlled by the direction of current.

Figure 3.5: Peltier element structure
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The Peltier elements are attached to aluminium plates with embedded
thermocouples where the sample is sandwiched between them as shown in
Figure 3.6. The thermocouples monitor the temperature across the sample
during the measurement and the aluminium plates establish a uniform heat
transfer.

A micro-faze thermal sheet is used to attach the sample to the top surface
of the bottom aluminium plate. The bottom surface of the top aluminium plate
is covered with Sil-pad from Bergquist company and then a thin Kapton tape
to provide a uniform thermal contact while avoiding electric contact. The top
aluminium plate is pressed against the sample by spring-loaded screws. The
other sides of the Peltier elements are in contact with cooling blocks with circulating cooling water, which help regulate the temperature stability [6].

Besides the cooling blocks, a water reservoir, pump, coils of copper, and a
fan are used to dissipate heat from the measurement system. Here the reservoir
is used as a source of cooling liquid (here the liquid is water). Water is pumped
into the cooling block. The liquid travels back and forth through the various
chambers of the cooling block thus absorbing the heat. Then warmer liquid
exits the cooling block into coils of copper to exchange heat with air, thanks
to the high thermal conductivity of copper and large surface area of the coils.
A fan is used to circulate the air around the copper coils to help expedite the
removal of heat.
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The whole thermoelectric setup is clamped in a 3D printed holder, and
placed in an electromagnet with a rotatable base, which can apply a magnetic
field in an arbitrary in-plane direction. There is also a “z-magnet” on top
of the thermoelectric setup, to generate a pulsed magnetic field in the outof-plane direction. This thermoelectric setup is placed inside an enclosure to
prevent heat exchange with the air and to minimize temperature fluctuation
on the samples.

Figure 3.6: Experimental apparatus illustration in which the sample is placed
between two aluminium plates attached to Peltier element [4]

3.2.3

Simulation of the Temperature Distribution Across
a Nanostructure Specimen

To understand and estimate the temperature distribution within the sample in our thermal apparatus, we carried out finite element simulations of thermal transport in a sample using ANSYS software. ANSYS is a commercial
finite elements software that has the capability to compute heat transfer.
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As shown in Figure 3.7, a 3D model of our sample sandwiched between
two aluminum plates was built using the design modeler. The area of the
sample is 21 ∗ 2 mm2 . The sample is 3Ta/3Pt/0.6Co/4Cu/2Co/4SiO2 ,where
the numbers before each layer indicate the thicknesses in nm . These layers
are grown on 0.5 mm of thick Si wafer with a 1 µm thick thermal oxides layer.
The area of both aluminium plates is 25 ∗ 25 mm2 .

Figure 3.7: The thermal model used to simulate the temperature profile across
thin sample. The sample is sandwiched between two aluminium plates with
temperature difference 40C.
The materials properties assigned for each part in our geometry as presented in Table 3.1 [77] In our simulation, default meshing option is used. The
temperature is fixed for the two aluminium plates the below plate at 72 ◦ C
and the top one at 32 ◦ C. The temperature distribution across the sample is
estimated under a steady state thermal measurement and assuming there is
a bonded contact between the surface of the sample and the plates. We also
assumed no convective heat flow around the sample .
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Table 3.1: The properties used for the modelling
Properties

Materials

Density
(103 kg/cm3)

Specific heat capacity (J/kg.K)

Thermal
conductivity
(W/m.K)

Si substrate

2.33

700

131

Tantalum (Ta)

16.650

140

57

Platinum (Pt)

21.09

130

72

Copper (Cu)

8.96

385

401

Cobalt (Co)

8.86

421

100

730

1.4

Silicon
(SiO2 )

dioxide 2.5

The simulated out-of-plane thermal gradient across the sample is shown
in Figure 3.8. Through the Si wafer there is a large drop on the temperature
due to its much greater thickness than the thin film (500 µm vs. 0.016µm).
This drop is uniform along the entire surface of the sample due to the uniform
heating from the top aluminium plate. Through the thin film grown in Si
substrate the thermal gradient is 2.5K/µm where the temperature reaches
32K and then rapidly decreases with depth in the SiO2 layer resulting in a
large temperature gradient ∇T = 0.007K/nm. Table 3.2 shows the thermal
gradient in each layer of the sample.
The simulation shows that most of the temperature drop occurs in the
silicon wafer, which determines the heat flux. Therefore, regard the exact
sample we place in the setup, as long as the temperature are kept the same at
the top and bottom aluminium plates, we will get the same amount of heat
flux through the sample. This allows us to compare thermal voltage signals
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Table 3.2: Thermal gradient in each layer of the sample.
Layer

Temperature gradient (k/µm)

Si substrate

0.08

Ta

0.38

Pt

0.14

Co

0.08

Cu

0.11

Co

0.35

SiO2

7.75

measured in different samples. It is important to note that the materials
properties shown in Table 3.1 are for bulk and may be different from those in
nanometer-thin films. However, the main conclusion in this paragraph should
still be valid, considering the dramatic difference in the length scale between
the substrate and the film.
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(a)

(b)

(c)

Figure 3.8: (a) ANSYS simulation of temperature distribution due to temperature gradient across the sample of Si wafer (0.5mm)/Ta(3nm)
/Pt(3nm)/Co(0.6nm) /Cu(4nm)/ Co(2nm)/SiO2 (4nm). The temperature of
the top and bottom aluminium plates are fixed at 32K and 72K, respectively.
(b) Temperature profile within the Si substrate. (c) Temperature profile within
our thin film.
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Chapter 4
Free-Layer-Thicknessdependence of the Spin
Galvanic Effect with Spin
Rotation Symmetry
In this chapter we understand the signals that contribute to the spin galvanic effect with spin rotation symmetry (SGE-SR) of a ferromagnetic metal
(FM). We investigate the FM thickness-dependence of the SGE-SR in a spinvalve structure, and we show that there are two contributions to the SGE-SR,
one of which depends on the spin diffusion length of the FM. Our findings
provide a comprehensive understanding of the heat-driven SGE-SR experiment and will pave the road for future investigation of spin-orbit effects in
magnetically-ordered systems.
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4.1

Introduction

Spin-charge interconversion enabled by SOC has been intensively studied in NM. As discussed earlier, an in-plane charge current in a FM/NM
bilayer can generate a spin-orbit torque via the bulk SHE and the interfacial REE [61, 78, 79]. Reversely, an out-of-plane flowing spin current can be
converted into a charge current via the ISHE and IREE [50, 80] . Here, the
spin-charge interconversion is often thought to take place in the NM, which is
typically a heavy metal such as Pt and Ta. The spin-charge interconversion
in the NM generally follows a symmetry such that the charge current, spin
current and spin polarization are all orthogonal with each other [56]. For spin
current generated due to the SSE and converted to voltage via the ISHE, the
spin polarization is usually collinear to the magnetization. However, for spinorbit torque the spin polarization is perpendicular to the magnetization [61,79].

Recently, we have discovered a magnetization-dependent spin-charge interconversion near the surface of a FM, in which the spin polarization is transverse
to the magnetization [5]. As we discussed earlier, we refer to this magnetization dependent SGE as the SGE with spin rotation symmetry (SGE-SR),
as the effect is rotated with respect to the conventional SGE (SGE-C). The
SGE-SR is illustrated in Figure 2.12. When a spin current, Qσ , with spin
polarization, σ, transverse to the magnetization of a FM, m, is injected into
the FM, it is usually assumed that the transverse spins undergo fast precession
and dephasing due to the exchange interaction. The dephasing quickly transfers angular momentum from transverse spins to the magnetization, which
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generates the well-known spin transfer torque [45, 46]. However, this model
neglects the effects of spin-orbit coupling. When the spin-orbit coupling is
taken into account, we expect the spin current to generate two different inplane charge currents as seen in Figure 4.1: a charge current je following
conventional inverse spin Hall symmetry and charge current jR
e following the
spin rotation symmetry, which can be described as
2e
θ Qσ × σ
~

(4.1.1)

2e R
θ Qσ × (σ × m)
~

(4.1.2)

je =

jR
e =

where θ and θR are unitless spin-to-charge conversion coefficients for the SGEC and SGE-SR, respectively, e is the electron charge and ~ is the reduced
Planck constant.

As mentioned in Figure 2.12 in chapter 2, the magnetization of the FM
breaks rotational symmetries about the x- and y- axis as well as mirror symmetries about the xz and yz plane. This allows the existence of the SGE-SR,
which would have been forbidden in a NM with high symmetries [2]. The generation of the SGE-SR in the FM can also be phenomenologically understood
by the spin rotation picture. Transverse spin rotates around magnetization,
giving rise to an average spin component in the direction of σ × m. The spinorbit coupling acting on this spin component can give rise to the jR
e described
by Eq. 4.1.2
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Figure 4.1: Illustration of the charge current generated due to the spin galvanic
effect with conventional symmetry je and with rotation symmetry jR
e . The light
blue arrow represents the spin current Qσ . The red and purple arrows represent
the spin direction [5].

4.2

Motivation

Traditionally nonmagnetic heavy metals are often used as a spin current
source or detector. Limited by the geometry and the symmetry of the spin
orbit effect, the spin current generated that flows out of a thin film is only
polarized in-plane for most materials. This limitation is lifted by the ferromagnet, from which the polarization of the generated spin current can be
manipulated by the magnetization. In other words, ferromagnetic conductors
can generate transversely polarized spin current from the ferromagnet itself as
shown in Figure 4.1. The generation of out-of-plane polarized spin current may
enable new device designs in magnetic memories, domain wall and skyrmion
manipulation and magnetic nano-oscillators.
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As the investigation of charge-spin conversion in nonmagnetic materials
have led to the discovery of new transport behaviors such as the spin Hall
magnetoresistance and unidirectional spin Hall magnetoresistance, we expect
that a comprehensive understanding of charge-spin conversion in ferromagnetic
conductors will lead to the discovery of more unique transport behaviors [2] .

Besides that, since the SGE-SR voltage signal is unique and measured in
different direction that anomalous Nernst effect signal measured on, it may be
possible to separate the spin Seebeck effect from the anomalous Nernst effect
that are sharing same symmetry and similar order of magnitude as seen in
Figure 4.2.

Thus, in this chapter we investigate the thermal version of the transverse
spin orbit effect in ferromagnetic metals which we referred as SGE-SR. We
use a multilayer spin valve structure in which Py is a free FM layer with an
in-plane magnetization, and another FM with perpendicular magnetization.
We measured the voltage signals in the two different configurations SGE-C
and SGE-SR. We investigate how these two signals behave with varying the
thickness of the FM layer. We are able to separate the ANE from the SSE of
the FM layer as will see in next section.
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Figure 4.2: Comparison between (a) anomalous Nernst effect in a FM metal
on a non-magnetic metal with perpendicular temperature gradient and (b)
longitudinal spin Seebeck effect. In (a), the charge current origins from spin
polarized current due to the ANE in FM metals while in (b) the charge current origins from spin current due to the ISHE. The spin currents are driven
parallel to the temperature gradient with spin polarization perpendicular to
the measured voltage signal and the spin current flow.

4.3

Method and Experimental Details

In order to experimentally observe the SGE-SR, we use a spin valve structure consisting of two orthogonally magnetized layers as shown in Figure 4.3 .
The multilayer film is fabricated by magnetron sputtering with the structure:
Ta(3)/PML/Cu(4)/Py(2)/SiO2 (4), where PML = Pt(3)/Co(0.6) is a perpendicularly magnetized layer, Py = Ni80 Fe20 is an in-plane magnetized layer,
and the thicknesses in parenthesis are in nanometers.Ṫhey were deposited on
a precut silicon substrate slab with a 1µm thermal oxide surface layer and a
lateral size of 2mm × 20mm at base pressure lower than 2 × 10−7 torr, and 3
mtorr working pressure.

By applying a perpendicular temperature gradient, the spin Seebeck effect
[30] in one of the magnetic layers generates a spin current with spin polariza53

tion transverse to the other magnetic layer. An in-plane electric field can be
measured in two configurations as shown in Figure 4.3 ,(1) the SGE-C configuration, namely the configuration sensitive to the anomalous Nernst effect,
the inverse spin Hall effect and other possible SGE with the conventional spin
Hall symmetry; and (2) the SGE-SR configuration, where SGE-SR signals are
the dominant signals.

Figure 4.3: Two measurement configurations: (a) in the SGE-C configuration,
the voltage detection is perpendicular to the Py magnetization while (b) in
the SGE-SR configuration, the voltage detection is parallel with the Py magnetization. The red arrows represent the magnetization of the ferromagnetic
layers.
The measurement setup along with the measurement geometry for SGEC and SGE-SR is shown in Figure 4.4. The sample is placed in between two
Peltier elements, which are used to generate perpendicular temperature gradient across the sample. Thin aluminium blocks with embedded thermocouples
are inserted between the sample and the Peltier elements to monitor the temperature and to enhance the uniformity of heat flow. The other sides of the
Peltier elements are in contact with cooling blocks with circulating cooling
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water, which help regulate the temperature stability. The whole thermoelectric setup is placed in an electromagnet on a rotatable base, which can apply
in-plane magnetic field in an arbitrary direction. There is also a ’z-magnet’
on top of the thermoelectric setup, to generate a pulsed magnetic field in the
out-of-plane direction, which initializes the magnetization of the PML to +z
or –z directions.

Figure 4.4: (a) Measurment geometry of the SGE-C and (b) SGE-SR (c) A
schematic illustration of the longitudenal spin Seebeck effect measurment setup used in current study. Hext is the in-plane extrnal magnetic field that can
be rotated to measure a and b using an electromagnet with rotatable base ,
∇T is the perpendicular temperature gradient generated using the two Peltier
elements.
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4.4

Results

4.4.1

Observation of SGE-C and SGE-SR

Exemplary signals are shown in Figure 4.5. As an in-plane magnetic field
Hext sweeps, the voltage signal in the SGE-C configuration corresponds to the
hysteresis of the Py layer as illustrated in Figure 4.5(a). This SGE-C signal is
independent to the PML magnetization mPML , as expected from the symmetry
of the anomalous Nernst effect and the SGE-C described by Equation (1). In
the SGE-SR configuration, Figure 4.5 (b) shows that the SGE signal reverses
sign when mPML reverses, consistent with Equation (4.1.2). The spikes at low
field are due to the ANE because magnetization tilts away from the external
magnetic field. It should be noted that even in the SGE-SR configuration,
a small misalignment between the magnetic field and the voltage detection
direction can result in contributions from the SGE-C signal. Therefore, we
further isolate the SGE-C and SGE-SR signals by adding and subtracting the
voltage signals measured when mPML is polarized in the +z or -z direction as
shown in Figure.4.5(c,d).




∆V

SGE−C

= VSGE (mPML = +z) + VSGE (mPML = −z)

(4.4.1)



∆VSGE−SR = VSGE (mPML = +z) − VSGE (mPML = −z)
where ∆VSGE is the intercept difference between the voltage curves measured
at positive and negative fields, as labeled in Figure.4.5(a).
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Figure 4.5: Exemplary SGE signals measured in the conventional spin Hall
configuration (SGE-C) and spin rotation configuration (SGE-SR).(a) the voltage signal due to the SGE-C , and (b) the voltage signal due to the SGE-SR
.The black and red curves represent the hysteresis loop when the PML is
polarized in +z and −z (c) represents the sum of the voltage signals when the
PML is polarized in +z and −z (black and red curves in a), (d) represent the
subtracting of the voltage signals when the PML is polarized in +z and −z
(black and red curve in b). Hext is the in-plane external magnetization field.
We vary the temperature difference between the two aluminium plates
that sandwich the sample. As shown in Figure 4.6 , both the SGE-C and
SGE-SR signals exhibit near linear dependence on the temperature difference
ranging from 10 to 35 K. In the rest of the experiments, the temperature difference was kept near 30K, where the temperature of top and bottom Aluminium
plates were about 40◦ C and 10◦ C, respectively. The temperature of the films
is around room temperature.
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Figure 4.6: Temperature dependence of the SGE-C and SGE-SR signals. The
red curve is linear fitting to ∆T .

4.4.2

Free-layer-thickness-dependence of SGE-SR

Because both the PML and Py layers are magnetic and possess SOC,
the SGE-SR signals can in principle arise from two independent processes, as
shown in Figure 4.7. In process I, the spin Seebeck effect in Py generates a spin
current, which flows toward the PML. This spin current is polarized parallel
with Py magnetization and hence perpendicular to the PML magnetization.
The spin current generates a SGE-SR signal near the PML/Cu interface. Since
the spin Seebeck effect in Py can be described by the drift-diffusion model [67],
we expect this part of the SGE-SR signal to have an exponential-like dependence on the Py thickness with the characteristic length being the spin diffusion
length in Py. In process II, the spin Seebeck effect in the PML generates a
spin current, which flows toward the Py layer. This spin current is polarized
parallel with PML magnetization, hence transverse to the Py magnetization.
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The spin current generates a SGE-SR signal near the Py/Cu interface. As
discussed earlier, the SGE-SR can be treated as an interface effect due to the
strong spin dephasing occurs on a very short length scale [81]. Therefore, the
SGE-SR signal due to process II should be nearly independent of the Py thickness.

Figure 4.7: Illustration of the two processes that give rise to the SGEI
= θRPML QPy
SR signal. In process I: VSGE−SR
σ × (mPML × σ), and process II:
Py
II
PML
VSGE−SR = θR Qσ × (mPy × σ)

4.5

Drift-diffusion Model

Using the drift-diffusion model, we simulate the SGE-SR due to process I.
As shown in Figure 4.8 (a) , the spin Seebeck effect of Py drives a spin current
flowing in the z-direction with spin polarization in the x-direction. Within the
drift-diffusion model, the spin chemical potential µx and spin current Qx in
Py due to the spin Seebeck effect can be expressed as [49]
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 d22 µx =
dz

1
µ
λ2 x

(4.5.1)



Qx = −σ(1 − P 2 ) d µx + Q0
dz
where λ, σ and P are the spin diffusion length, electric conductivity and spin
~
polarization of Py, respectively. Q0 = − 2e
σ(1 − P 2 )

S↑ −S↓ dT
2
dz

is the spin current

generated by the spin Seebeck effect in an infinitely thick sample, where S↑
and S↓ are the Seebeck coefficients for majority and minority spins, respectively, and T is the temperature. The term −σ(1 − P 2 ) dd µx characterizes the
back flow of spin current due to the accumulation of spin chemical potential
at boundaries. The spin chemical potential (µx ) in the FM metal for spin
polarization along the x-direction depends on the distance from the interface
at z = dCu .

µx ↑ −µx ↓= A exp

−z
z
+ B exp
λsf
λsf

(4.5.2)

where A and B are integral constants that can be determined by the boundary
conditions. The potential differences are drawn as functions of the position
near the interface, as seen in Figure 4.8 (a). The boundary conditions are
determined by the continuity of the spin current from the Py into the Cu
at z = dCu and the vanishing of the spin current at the top boundary when
z = dCu + dPy .

z = dCu + dpy ; −σ(1 − P 2 )
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dµx
+ Q0 = 0
dz

z = dCu ; −σ(1 − P 2 )

dµx
+ Q0 = −2G↑↓ µx
dz

At the bottom boundary where z = dCu , the spin current can flow through
Py/Cu interface with nearly no dissipation due to the long spin diffusion length
in Cu [82]. Then, it will be absorbed at the Cu/PML interface. This spin current can be modelled by the magneto-electronic circuit theory [83] to calculate
the spin current flowing into the PML. After imposing the two boundary conPML/Cu

ditions, the spin current flowing into the PML , Qx

(z = 0), can be

expressed as

QPML/Cu
x

=

cosh dλpy − 1
cosh dλpy +

σ(1−P 2 )
sinh dλpy
2G↑↓ λ

Q0

(4.5.3)

where dpy is the Py thickness and G↑↓ is the interfacial spin mixing conductance
at the Co/Cu interface. Therefore,the SGE-SR voltage signal due to process
I
, can be expressed as:
I, ∆VSGE−SR

I
∆VSGE−SR
=4

2e PML/Cu R
Q
θ lδRs
~ x

(4.5.4)

where θR is the coefficient for the SGE-SR at the PML/Cu interface, l is the
length of the sample, δ is the effective thickness of the PML that participates
in the SGE-SR, Rs is the square resistance of the entire film stack, and the
factor of 4 arises from the definition in Eq.4.1.2.
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Figure 4.8: (a) Definition of coordinates for solving the drift-diffusion model
in our multilayer system for process I. (b) Simulation of the spin current density Qσ due to process I. The parameter in this simulation are:
λP y = 4nm [6],λCu = 200nm,σP y = 4.8 × 106 Ω−1 m−1 [6] ,σCu = 1.1 ×
(Co/Cu)
107 Ω−1 m−1 [29],G↑↓
= 0.4 × 1015 Ω−1 m−2 [7]. The thickness of Py here
is 20nm and 4nm of Cu.
II
The SGE-SR voltage signal due to process II, ∆VSGE−SR
, can be derived
II
will be independent of the Py
in a similar way. However, since ∆VSGE−SR

thickness, we simply write the total SGE-SR voltage signal as

I
II
∆VSGE−SR = ∆VSGE−SR
+ ∆VSGE−SR

=

4 cosh dλpy − 4
cosh dλpy +

σ(1−P 2 )
sinh dλpy
2G↑↓ λ

2e
II
Q0 θR lδRs + ∆VSGE−SR
~

(4.5.5)

The total SGE-SR voltage signal is then normalized by the sheet resistance
Rs as

∆VSGE−SR
Rs

=

4 cosh dλpy − 4
cosh dλpy +

σ(1−P 2 )
sinh dλpy
2G↑↓ λ
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II
∆VSGE−SR
2e
Q0 θR lδ +
(4.5.6)
~
Rs

For both signals SGE-C and SGE-SR, we usually normalize theses signals
by the sheet resistance since we are dealing with our sample as a parallel circuit
model in which the sample resistance is equivalent to the sum of the resistance
of each layer on the sample. For our multilayer sample Ta/PML/Cu/FM/SiO2
, the equivalent circuit model can be presented as shown in Figure 4.9 .

Figure 4.9: An equivalent circuit for the SGE due to SSE in the multilayer
film Ta/PML/Cu/FM/SiO2 . The generated spin currents are converted into
charge currents Ic . Here, RPML , RFM , and Rrest are the resistance of the PML,
FM layer, and the rest of the layers on the sample structure , respectively.
RFM , RPML , Rrest is the electrical resistance of the PML, FM layer, and
the rest layers on the sample. Ic is the current generated due the SSE via
the SGE. The electromotive force observed in our sample due to the SGE is
obtained as
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I
II
∆VSGE−SR
− VSGE ∆VSGE−SR
− VSGE
1
1
1
+
=(
+
+
)VSGE
RPML
RFM
RPML RFM Rrest
i
h
RPML RFM RRest
Ic
VSGE =
(RFM + RPML + RRest )

I
II
where ∆VSGE−SR
, ∆VSGE−SR
,∆VSGE are the voltage generated from the PML,FM

layer,and the total voltage measured respectively.

4.6

Discussion

Experimentally, we measured the SGE-C and SGE-SR voltages with various Py thicknesses. By doing the thickness dependent studies, we are able to
separate the contributions from the two processes to the SGE-SR signal. The
SGE-C and SGE-SR voltage signals normalized by the square resistance and
temperature are plotted against the Py thickness d, as shown in Figure 4.10.

Figure 4.10: Experimentally measured Py-thickness-dependent (a) SGE-C and
(b) SGE-SR signals normalized by the sheet resistance Rs and temperature
difference ∆T. The red line is the fitting curve according to Eq. (4.5.6).
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The SGE-C signal exhibits monotonic increase with dPy . This is because
a large portion of the SGE-C comes from the anomalous Nernst effect, which
contributes more significantly as Py gets thicker. The SGE-SR signal starts
at a positive value when Py is thin. As Py gets thicker, the SGE-SR signal
crosses zero and eventually saturates at a negative value. Such a behavior can
I
be explained by a unique case of Eq (4.5.6), where process I (∆VSGE−SR
) conII
tributes negative value and process II (∆VSGE−SR
) contributes positive value
II
to the measured SGE-SR signal. When Py is thin, (∆VSGE−SR
) is greater than
I
I
(∆VSGE−SR
). As Py gets thicker, ∆VSGE−SR
increases and eventually overII
, which is nearly independent of the Py thickness.
whelms ∆VSGE−SR

Using Eq. (4.5.6) to fit Figure. 4.10 (b) with Levenberg-Marquardt algorithm, we obtain the spin diffusion length in Py to be 3.9 ± 0.2nm , consistent with previous reported value [84] , and

II
∆VSGE−SR
Rs

= 3.0 ± 0.3 nA.

Here the parameters used are: G↑↓ = 0.4 × 1015 Ω−1 m−2 [7], P=50% [85],
and σ = 4.8 × 106 Ω−1 m−1 . The electrical conductivity is extrapolated from
Py-thickness-dependent resistance measurement. As shown in Figure 4.11, a
linear fit of the resulting resistance versus thickness data are used to determine
the electrical conductivity of the Py . It is worth pointing out that the fitting
of the Py spin diffusion length is insensitive to the value of G↑↓ when the value
varies within the same range.

Besides the spin diffusion length of Py , fitting to Eq. (4.5.6) can also
~
A/m for ∆T = 30K, where Q0
give rise to Q0 θR δ to be (−4.5 ± 0.3) × 10−5 2e

relates to the spin Seebeck effect of the Py, and θR δ describes the SGE-SR at
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Figure 4.11: The electrical conductivity of the Py is calculated as the slope of
the line R1s = R1 + σP y dP y
the PML/Cu interface. While the temperature gradient can be consistently
generated in our measurement, it is difficult to quantify the exact temperature
gradient across the film due to unknown thermal contact resistance at various
interfaces [86]. In our SGE-SR measurement , the temperature gradient ∇T
can be calibrated by the SGE-C signal in samples with thick Py , which is
dominated by the ANE of Py: ∇T =

VSGE−C Rs
,
lαN
Rs,py

where Rs,py is the calculated

sheet resistance of Py based on the Py conductivity, αN is the ANE coefficient
of Py . If θR δ and αN can be extrapolated from other techniques [5, 61, 87],
this study can provide a unique tool to quantify the spin Seebeck effect in a
metallic ferromagnetic material. The measurement of the spin Seebeck effect in
metallic FM has been realized by a lateral nonlocal spin transport technique
[49], which requires extensive nanolithography. In our measurement of the
SGE-SR, complication due to the anomalous Nernst effect is removed due to
the unique symmetry.
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4.7

Conclusion

We have demonstrated that the SGE-SR in a metallic spin valve is composed of two contributions, which can be separated by FM-thickness-dependent
study. A spin diffusion length of 3.9 ± 0.2nm for Py is extrapolated. The SGESR may potentially be used toward quantitative measurement of the spin Seebeck effect if the SGE-SR coefficients can be determined by an independent
technique.
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Chapter 5
Determination of the Relative
Spin-dependent Seebeck Effect
in Ferromagnetic Metals
In the last chapter, we show that the spin galvanic effect with spin rotation (SGE-SR) can be a unique tool to study the spin-dependent Seebeck effect
in ferromagnetic metals. However, in the extrapolated parameters from the
experiment, the spin-dependent Seebeck coefficient is entangled with SGE-SR
coefficients of the PML, the later of which has not been experimentally determined.

In this chapter, we discuss an alternative approach by measuring the SGESR of a series ferromagnetic metals using the same PML spin detector. We
then compare the relative spin-dependent Seebeck effect in ferromagnetic metals. We carried out a thickness-dependence study of three different FM metals
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with two different perpendicular magnetized layers on a spin valve structure
under temperature gradient.

5.1

Introduction

Analogues to the Seebeck effect, which describes a thermoelectric phenomenon that a temperature gradient in a conductor drives electricity, the
spin Seebeck effect (SSE) describes a phenomenon that a temperature gradient in magnetic materials can drive a spin current (non-equilibrium spin density) with spin polarization collinear with the magnetization [30]. This thermally induced spin current can be generated from different magnetic materials,
including metals such as permalloy [49], semiconductors such as GaMnAs [54]
and even insulators such as Y3 Fe5 O12 [53].

In magnetic conductors, a temperature gradient dominantly generates the
flow of electron spins. But in the case of a magnetic insulator, since electrons
are not allowed to move freely, the temperature gradient generates a spin wave,
which is a collective propagation of magnetization precession. Spin waves can
also carry spin angular momentum and exchange spin angular momentum
with electrons [88]. However, to distinguish the two mechanisms, the thermal
generation of spin current in magnetic conductors is often referred to as spindependent Seebeck effect (SDSE).
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In ferromagnetic metals, the generated spin current is due to spin-dependent
Seebeck coefficient Ss . It is known that in ferromagnetic metals electrons with
spin-up and spin-down have significantly different density of states, which
means they have different Seebeck coefficients. Thus, when a FM metal subjected to a temperature gradient ∇T , different amounts of electrons flow in
different subbands along the ∇T direction [49]. The Seebeck coefficient is
defined by the Mott formula as [89].

S=

π 2 KB2 T ∂[ln(σ(E))] 
E=EF
3 e
∂E

(5.1.1)

here , the differential conductivity can be expressed by the product of the
density of carriers n , which is a function of the density of states g(E), and
their differential mobility µ(E).

π 2 KB2 T g(E)
1∂µ 
S=
+
3 e
n
µ∂E E=EF

(5.1.2)

Once the spin current is injected into an adjacent conductor, the inverse
spin Hall effect will take place converting the spin current into a measurable
voltage VISHE perpendicular to both the spin flow direction Q and its polarization σ̂ : VISHE k θSH Q × σ̂ [50] . Heavy metals with a large spin hall angel
θSH such as Pt and Ta are usually used to detect spin current. Ferromagnetic
metals as well has been utilized to detect the spin current generated by SSE in
FM insulators [51], [67], [90]. In this chapter, FM metals with perpendicular
anisotropy are used to detect spin current generated by SSE in FM metals.
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5.2

Difficulty in detecting the SDSE

Although a large amount of attention has focused on the generation of
pure spin current by the means of spin seebeck effect in magnetic insulators,
very few experimental and theoretical efforts [36, 49, 91, 92] are put into the
determination of spin-dependent Seebeck coefficients of ferromagnetic metals
(a prototypical material for the SSE). This may be partly due to a technical difficulty in detecting the spin current generated from the ferromagnetic
metals, because a typical NM spin current detector via the ISHE generates a
voltage with the same symmetry as the ANE voltage generated from the FM
itself as illustrated in Figure 5.1. The technical difficulty sets a main obstacle
for the comprehensive understanding on the spin-dependent Seebeck effect [3] .

Figure 5.1: illustration of the two identical signals: anomalous Nernst effect
signal (ANE) and spin Seebeck effect signal (SSE)- inverse spin hall effect
(ISHE).
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To avoid the complication of the ANE in the measurement of SDSE,
Slachter et al. [49] used a non-local spin valve structure, as shown in Figure
5.2. The device is patterned into a latteral structure, where a ferromagnetic
spin current generator (Py1) and a second ferromagnetic spin detector (Py2)
are parallel stripes connected by a narrow Cu wire. As a heat is applied,
the spin current is generated from the Py1 stripe and diffuses through Cu and
accumulates at the Py2/Cu interface. Depending on the magnetization of Py1,
the SDSE-generated spin current can generate spin accumulation parallel and
antiparallel to the magnetization of Py2, giving rise to a hysteresis-like voltage
signal. In this structure, the spin current generator and spin current detector
are laterally separated, so the anomalous Nernst voltage of Py1 will not be
picked up. While this experiment serves as the first experimental measurement
of SDSE in a ferromagnetic metal without the complication of anomalous
Nernst effect, the technique requires multiple-step nano lithography, which
make it difficult to be used to systematically study the SDSE.

Figure 5.2: Schematic illustration of the non-local spin valve structure that
used to study SDSE in ferromagnetic metals
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Compare to the lateral structure used by Slachter et al., a longitudinal
structure, in which the ferromagnetic metal spin current generator and the
spin current detector are in the same stack, is more favorable due to the structural simplicity.

Holanda, J., et al. have shown that an insertion of a thin layer of antiferromagnetic insulator, e.g. NiO between FM and NM can block charge flow
but allow spin flow (see Figure 5.3) [92]. When a temperature gradient is
applied through the FM/NiO/NM trilayer stack, a spin current is generated
from the FM that travels through NiO and gets detected by the NM via the
ISHE. Considering the spin current has to flow through the insulating antiferromagnet NiO, it is unclear whether the relevant spin current here is solely
due to the electron spins or whether spin waves in the FM also contributes.
Even if the spin current dominates, the interface transparency of spin current
is yet to be determined. Moreover, a study on the SSE in NiO states that
thermal gradient can induce spin current from NiO. This statement confirmed
by using two different NM metals Ta and Pt and the FM metal Py as a spin
current detector [93]. They found that the SSE in NiO has the same sign and
one order of magnitude smaller than YIG/Pt. Thus, the SSE signal measured
in FM/NiO/NM is not exactly due to the spin current generated from the FM
but it may also has a contribution from the NiO layer which make it difficult
to quantitatively analyze the intrinsic SSE of the FM metal here in this system. Besides that, changing the interface between the FM/NM can affect the
accuracy of the determined SSE coefficient [94].
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Figure 5.3: Sample structure used to isolate SSE signal from ANE signal.
Bougiatioti, P., et al. has proposed that the ANE in a FM/NM bilayer
can be calibrated by applying an in-plane temperature gradient instead of an
out-of-plane temperature gradient [92]. They compare the measured voltage
signals in three different structure shown in Figure 5.4 to quantitively identify
the contribution of ANE, SDSE-inverse spin Hall effect, and the proximityinduced ANE. First, the in-plane temperature gradient generates spin current
with an out-of plane polarization that is converted to a transverse voltage in
the NM layer. Here, they argued that the measured signal here represents
just the ANE signal from the FM its self and from the neighboring NM layer
that being magnetized (proximity effect). There is no SDSE signal due to
the ISHE symmetry in which the magnetization is parallel to the spin current
flow direction. Second, the out-of-plane temperature gradient generates spin
current with polarization perpendicular to the spin current flow direction. This
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spin current is detected via the ISHE in the NM layer. In this structure, the
voltage signal includes all three contributions coming from LSSE, ANE, and
the proximity-induced ANE. In the third structure, a signal layer of FM is
used with an out of plane temperature gradient which is only due to the ANE
signal. The third structure is used as a calibration of the ANE.

Figure 5.4: other attempt to separate the SSE signal from ANE signal
However, this technique assumes that the ANE voltage signal is intrinsic
to the ferromagnet, independent of the neighboring layer. We argue that this
may not be the case. The ANE can be viewed as a combined effect of SDSE
and inverse spin Hall effect within the ferromagnet. Under an out-of-plane
temperature gradient, the SDSE generates a spin current with spin polarization collinear with the magnetization, which is then converted into an in-plane
voltage perpendicular to the magnetization. Within this picture, it can be
understood that the exact distribution of spin current within the ferromagnet
will affect the overall ANE voltage. If the ferromagnet is much thicker than its
spin diffusion length, the spin current distribution is dominated by the bulk,
hence no significant thickness-dependence is expected. However, if the ferromagnet thickness is comparable to the spin diffusion length, the magnitude
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of the spin current has to decay to zero at the boundaries at a rate related
to the spin diffusion length. If the ferromagnet is in contact with a different
nonmagnetic metal with strong spin-orbit coupling, the boundary condition
is changed, and the spin current is no longer required to decay to zero at
the ferromagnet/nonmagnetic metal interface. Therefore, the ANE, or better
referred to as the voltage generated from the spin-orbit coupling of the ferromagnet, can change depending on the neighboring layer. The premise of the
calibration method should be carefully examined, which will be discussed in
more details in the next section.

5.3

Anomalous Nernst Effect

Here we present an experimental and simulation evidence to show that
ANE signal is not just an intrinsic effect of the bulk FM its self, but is instead
also affected by the boundary conditions.

We first use a simple bilayer made of Permalloy (Py) with different capping layers of tantalum (Ta), Platinum (Pt), and silicon dioxide (SiO2 ) separated with 3 nm of copper (Cu). The Cu spacer layer is to eliminate any
proximity effect arising from the direct contact between heavy metal and Py,
and to be consistent in all three structures. As shown in Figure 5.5, we applied
a perpendicular temperature gradient across the sample and measured the
transverse voltage signal.
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Figure 5.5: three different structure used to compare the ANE signals

5.3.1

Experimental Measurement of ANE

The ANE signal is scaled by the sheet resistance of the entire film to
account for the shunting of voltage from various metallic layers. From Figure
5.6 (a), the ANE signal is different in all three samples with different capping
layers.The results imply that ANE is sensitive to the boundary condition.
Besides that , Py thickness-dependent study of the ANE signal in the same
three sample structure shown in Figure 5.5 : dPy/4Cu/3Ta, dPy/4Cu/3Pt
,dPy/4Cu/4SiO2 tells that the signals are different in the three sample structure and there is overlapping between them starting when Py thickness is close
to its spin diffusion length as shown in Figure 5.6(b).

Figure 5.6: (a)illustration of ANE signal in three different structure (b)The
normalized ANE signal as a function of the Py thickness.
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As an extra evidence, we measured the ANE signal in different samples
structure
(1)(3Py/6Cu/3Py), (3Py/3Cu/2SiO2/3Cu/3Py)
(2)(3Py/6Pt/3Py), (3Py/3Pt/2SiO2/3Pt/3Py)

If the ANE is an independent of the boundary conditions, we would expect
3Py/6Cu/3Py to have the same ANE signal as the 3Py/3Cu/2SiO2 /3Cu/3Py,
since all metallic layers have the same thicknesses. Instead, as shown in Figure 5.7(a) we observed a much-reduced ANE signal in the sample with SiO2
insertion. This is because spin current can flow from one Py layer to the other
through the Cu spacer layer. However, the insertion of SiO2 cuts off the spin
current flow.

Figure 5.7: Inconsistent ANE voltage signals with changing the FM boundary
conditions
As a control experiment, we fabricated two samples: 3Py/6Pt/3Py and
3Py/3Pt/2SiO2/3Pt/3Py in which Pt is the spacer layer. Unlike Cu, Pt
absorbs the spin current and it has short spin diffusion length about 3nm.
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This makes the spin current absorption similar in both samples the sample
with 3 nm of Pt and with 6nm of Pt as seen in Figure 5.7(b).

5.3.2

Simulation of Spin Current Distribution due to
ANE

We simulate the spin current distribution on the same sample structure
we measured experimentally in previous section. Using the drift diffusion
model [36] , we assume a uniform effective spin Hall angle, θSH , throughout
the same material, so that a spin current distribution Qx(z) with spin polarization in the x-direction and flowing along the z-direction shall generate a total
R
electric current of θSH Qx(z)dz . In this case, the spin current distribution
will directly influence the overall spin-charge conversion.

We use the drift-diffusion model where the temperature gradient in (zx
+ Q0 where the changing in the
direction) drive spin current Qx = −σ dµ
dz

spin chemical potential through the thickness is given by

d2
µ
dz 2 x

=

µx
λ2

when

the capping layer is an insulator (SiO2 ), the spin current must vanish at
the Qx (z = d(Py+Cu) ) = 0; whereas when the sample is capped with a conductors (Ta or Pt), the spin current will be absorbed at the Cu/NM interface. This will lead to an equal spin current density at the Cu/NM interface
Q(z,Cu) = Q(z,N M ) . Here we neglect possible interface spin memory loss, which
may exist at the interface between Cu and a 5d heavy metal. However, the
essential results of the drift-diffusion model will be the same even if we take
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into consideration of the interface spin memory loss, which modifies the boundary condition at the Cu/NM interface by introducing an additional channel of
spin current dissipation.

Figure 5.8 shows representative SSE-driven spin current distribution. The
capping layers Pt and Ta are heavy metals with similar spin diffusion length
while Ta is more resistive than Pt. SiO2 is a nonmagnetic insulator, which
disallows spin current. Cu is light metal with long spin diffusion length. The
general feature of the simulation result is that the spin current maximizes in
the center of Py, but decays exponentially toward the boundaries. It is clear
that capping layer can alter the boundary condition and affects the spin current distribution in the FM, hence the generated ANE signal.The spin current
distribution in the three different cases suggests that the voltage generated
from spin-orbit coupling within the ferromagnet is not a pure bulk effect and
can be significantly affected by a neighboring layer. The influence from the
neighboring layer is more prominent when the Py thickness is thin, eg. comparable to its spin diffusion length.

Using the same model, we also simulate the spin current distribution in
3Py/6Cu/3Py, 3Py/3Cu/2SiO2 /3Cu/3Py, 3Py/6Pt/3Py, and
3Py/3Pt/2SiO2 /3Pt/3Py multilayer samples that we experimentally measured
in Figure 5.7. Under a perpendicular temperature gradient, 3Py/6Pt/3Py and
3Py/3Pt/2SiO2 /3Pt/3Py show little difference as seen in Figure 5.9 (b). This
is because the spin diffusion length in Pt is short (we use 1 nm in the simulation), and the total spin absorption through 3 nm Pt and 6 nm Pt is similar.
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Figure 5.8: Spin current QS distribution for 20Py/4Cu capping with three
different layers SiO2 , Pt, and Ta. The parameters used in this simulation
are: λPy = 4nm [6], [8], λPt = 1.2nm [9],λCu = 200nm, λTa = 1.8nm, [10]
σPy = 4.8 × 106 Ω−1 m−1 [6], σPt = 4 × 106 Ω−1 m−1 [9], σT a = 5 × 105 Ω−1 m−1 [8],
σCu = 1.1 × 107 Ω−1 m−1 [11]
On the other hand, the total spin current in 3Py/6Cu/3Py is much larger than
that in 3Py/3Cu/2SiO2 /3Cu/3Py as shown in Figure 5.9 (a). Since Cu has
a much longer spin diffusion length, the spin current, which would otherwise
vanish at the Py/Cu interface in the sample with SiO2 insertion, continues
to flow from one Py layer to the other in the sample without SiO2 insertion.
These simulation results are consistent with the experimental results in Figure 5.7 and corroborates our hypothesis that the thermal voltage generation
from magnetic thin films via spin-orbit coupling is sensitive to the boundary
conditions.
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Figure 5.9: A comparison of spin current distribution in samples (a) with
neighboring Cu layer and SiO2 insertion.(b) with neighboring Pt layer and
SiO2 insertion.

5.4

A Perpendicular Magnetized Layer as a
Spin Detector

Due to the aforementioned complications, there is still a lack of convenient method to quantify the spin-dependent Seebeck effect, which prevents
a systematic study of this important and fundamental phenomenon. Here we
discuss our attempt to develop a unique method to measure the spin-dependent
Seebeck effect, using simple film stacks without lithographical patterning, and
avoiding the interference of the anomalous Nernst effect.

As discussed in the last chapter, a ferromagnetic metal, instead of a nonmagnetic metal, can also convert a spin current into a charge current via spin82

orbit coupling. In particular, the ferromagnetic metal can generate a charge
current that can be decomposed into two components as shown in Figure 5.10
(a) the one that follows the conventional inverse spin Hall symmetry, and (b)
the one that follows the spin rotation symmetry. The latter is referred to
as the spin galvanic effect with spin rotation symmetry (SGE-SR). If we use
SGE-SR as a spin current detector, the expected voltage signal can be easily
distinguished from the anomalous Nernst effect or other spurious spin-orbit
effect, due to the different symmetries.

Figure 5.10: Schematic illustration of the charge current generated in two
different configurations: (a) in the conventional ISHE symmetry , the spin
current generated due to ANE is detected whereas the spin current generated
due to the SSE that is detected via SGE-SR is not appear here in this configuration. (b) in the SGE-SR symmetry, the spin current generated due to SSE
is detected via SGE-SR whereas the spin current generated due to ANE is not
appear here.
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We propose to use a ferromagnetic metal with perpendicular magnetization as the spin current detector. As shown in Figure 5.11, the FM with
in-plane magnetization m is the magnetic metal, of which the spin-dependent
Seebeck effect is to be studied. As a perpendicular temperature gradient is
applied, a spin current is generated from FM with spin polarization collinear
with m. The FM itself shall generate a voltage in the y- direction orthogonal
to m via the anomalous Nernst effect or inverse spin Hall effect. If a perpendicular magnetized layer (PML) is placed in adjacent to the FM, the spin
current can diffuse into the PML and generate a voltage in the x-direction
parallel with m via the SGE-SR. The SGE-SR voltage signal depends on the
PML magnetization and is orthogonal with the voltage signal with anomalous
Nernst symmetry. Therefore, by measuring the SGE-SR voltage signal, we
can extrapolate information about the spin-dependent Seebeck effect from the
FM, free of complication from the anomalous Nernst effect of the FM.

Figure 5.11: Schematic illustration of the proposed spin current detector which
is a ferromagnet with perpendicular anisotropy (PML) used to detect the spin
current generated in a ferromagnet with in-plane magnetization (FM). The
voltage signal due to the SGE-SR is measured perpendicular to the voltage
signal with anomalous Nernst symmetry.
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5.4.1

Methods

In the sample structure shown in Figure 5.12, we have a perpendicular
magnetized layer PML of 3 nm of Pt and 0.6 nm of Co as a bilayer.

Figure 5.12: Illustration of the sample structure that enables isolation of the
SSE signal measured in the SGE-SR configuration from contamination by the
anomalous Nernst effect that occurs in the SGE-C configuration. The sample
has two FM layers one of them with in-plane magnetization and the other with
perpendicular magnetization (PML)
This bilayer is used as a detector for the spin current generated from
the ferromagnetic (FM) layer with in-plane magnetization. Similarly, the spin
current with an out-of-plane polarization generated from the perpendicular
magnetized layer (PML) is detected by the FM layer. That means the total
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voltage signal measured in this system is composed of two contributions as

I
II
∆VSGE−SR = ∆VSGE−SR
+ ∆VSGE−SR

=

2cosh λd − 2

2e
II
Q0 θR lδRs + ∆VSGE−SR
2)
σ(1−P
d
d ~
cosh λ + 2G↑↓λ sinh λ

(5.4.1)

I
is the voltage signal detected in the PML due to the spin
where ∆V(SGE−SR)
II
is the voltage signal
current generated in the FM layer, whereas ∆V(SGE−SR)

detected in the FM layer due to the spin current generated in the PML. Here
the total voltage signal is measured in direction parallel to the FM magnetization as shown in Figure 5.12.
As we mentioned earlier, we called the effect generate this signal as the
spin galvanic effect with spin rotation symmetry. In the previous chapter, we
show that the two contributions of the SGE-SR signal can be separated by
thickness-dependent study of the FM layer [8]. We can rewrite the SGE-SR
equation as:

where

VSGE−SR
Rs

∆VSGE−SR
= ε(dFM )A + V
(5.4.2)
Rs

is independent of dFM , A = 2e
Q0 θR δ l , in which Q0 is the bulk
~

limit of spin current generation in the FM due to the spin dependent Seebeck
effect , θR is the efficiency of spin galvanic effect with spin rotation at the
PML/Cu,δ is the effective thickness of the PML participate in the SGE-SR ,
and l is the length of the sample,
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ε(dFM ) =

2cosh λdFM
−2
FM
cosh λdFM
+
FM

σ(1−P 2 )
sinh λdFM
2G↑↓λFM
FM

is a unitless coefficient characterizing the efficiency of spin current injected
from the FM into the PML. The spin current generated by the spin Seebeck
effect in an infinitely thick sample Q0 is given by this equation

Q0 = −

~
σ(1 − P 2 )Ss ∇T
2e

(5.4.3)

where σ , P, Ss are the electric conductivity, spin polarization, spin Seebeck
coefficient of FM, respectively. ∇T is the temperature gradient.
In order to test this model, we made a series of samples with different
FM and PML (e.g. FM1 /PML1 , FM1 /PML2 , FM2 /PML1 , FM2 /PML2 ). We
carried out thickness- dependence-study of each of the FM. By fitting the
data using equation (5.1), we are able to determine the A values. Since A =

2e
R
Q
θ
δ
l , where Q0 only depends on the FM and θR δ only depends on the
0
~
PML/Cu interface, if our model is accurate, the ratios of A for the samples
with same FM and different PML should be consistent with each other, i.e.
AFM1 /PML1
AFM2 /PML1
AFM3 /PML1
(θR δ)PML1
=
=
= R
AFM1 /PML2
AFM2 /PML2
AFM3 /PML2
(θ δ)PML2
Similarly, the ratio of the spin-dependent Seebeck coefficient for different
FMs can be found by taking the A ratio for the sample with different FM and
same PML as
AFM1 /PML1
=
AFM1 /PML2

2e
Q0,FM1
~
2e
Q0,FM2
~

=
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(σ(1 − P2 )Ss ∇T)FM1
(σ(1 − P2 )Ss ∇T)FM2

(5.4.4)

Here the electric conductivity of FM can be extrapolated from FM-thicknessdependent resistance measurement, and the temperature gradient can be defined
in term of the heat flux (H) and the thermal conductivity of the FM (k) as
∇T =

H
.
KF M

The thermal conductivity can be estimated from Wiedemann

Franz Law in which

KF M
∼Lorenz
σ

number. In this way the ratio of the spin

dependent Seebeck coefficient of two FM layers

5.4.2

(Ss )F M 1
(Ss )F M 2

can be determined.

Experimental Details

We use a spin valve structure of two magnetic layers, one of them has an
in-plane magnetization, we called this layer as the FM layer. The other magnetic layer has a perpendicular magnetic anisotropy (PML). The samples are
fabricated by magnetron sputtering on a 500µm precut silicon substrate slab
with a 1µm thermal oxide surface layer and a lateral size of 2 mm x 20 mm. We
made a series of samples with structure: Ta(3)/PML/Cu(4)/FM(dFM)/SiO2 (4),
where Ta works as a seed layer, PML is the perpendicular magnetized layer
which works as a spin current detector, dFM represents different thickness of
the FM ranging from 2nm to 40nm, and SiO2 is the capping layer. In this study
we use two different PML which are Pt(3)/Co(0.6), Pt(3)/Co(0.4)/Ni(0.6) and
three different FM layer:Py(Ni80 Fe20 ), Co, Ni. The thicknesses in parenthesis
are in nanometers.

In order to generate an out-of-plane temperature gradient across the sample, the sample is sandwiched between two aluminum plates as shown in Figure
5.13. A Peltier element is attached to the top and bottom plates to generate
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perpendicular temperature gradient across the sample. The temperature is
monitored with thermocouples inserted on the top and the bottom plates. A
temperature gradient of 30 K is achieved by applying 0.7A current to the
Peltier elements. After the temperature stabilizes, the SGE-SR signals are
recorded as the magnetic field is swept between positive and negative field.
The magnetization of the PML is initialized to +z or -z using a z-magnet
placed on the top of the thermoelectric setup.

Figure 5.13: Illustration of the measurement set up along with the sample
structure geometry.
During the initial measurement of the SGE-SR for samples with thick
FM, we notice that the signal decreases to zero as the film is thicker than
20 nm, which does not follow the trend of SGE-SR signals for thinner films
as seen in Figure 5.14. We think this is related to the deterioration of the
perpendicular anisotropy of the PML caused by the stress from the thick FM
grown on the top.
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Figure 5.14: The measured SGE-SR signal as a function of the FM thickness.
The Py data shows normal and expected trend however for Co and Ni data,
the SGE-SR signal start to decrease when the FM layer is thicker than 20nm
in Co case while it is 30nm with Ni data.
We investigate how the FM thickness affect the perpendicular anisotropy
by performing the anomalous Hall measurement using Van der Pauw method
[95]. The sample is cut into a 10 × 10mm2 square. Then we use indium dots
to connect wires to the four contacts on the edge of the sample as shown in
Figure 5.15. We applied a DC current of 30 mA across one diagonal direction
and measure the voltage in the other diagonal direction, when an out-of-plane
magnetic field is swept.

Figure 5.15: The AHE measurement geometry of the sample

90

The measured anomalous Hall voltage is normalized by the square of the
sheet resistance as the current is applied in the whole sample stack as shown
in Figure 5.16. Since it is an open circuit the total current is zero as

Figure 5.16: An equivalent circuit for the anomalous Hall voltage due to applying current through the multilayer film Ta/PML/Cu/FM/SiO2 . Here, RPML ,
RFM , and Rrest are the resistance of the PML, FM layer, and the rest of the
layers on the sample structure , respectively.

Itot = 0
VAH
V
V
V 
−
+
+
=0
RP M L RP M L RF M
Rrest
−

V
RP M L

+

VAH
V
V 
+
=−
RF M
Rrest
RP M L
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where VAH is the anomalous hall voltage. By solving for the total voltage , we
get
V =

h

i V
RPML RFM RRest
AH
(RFM + RPML + RRest ) RP M L
V =

VAH
Rs2

As shown in Figure 5.17, we found the AHE signals are almost consistent
with each other for the samples with Py at different thickness. This agrees with
the SGE-SR signal vs. Py thickness curve shown in Figure 5.14 where we did
not notice any abnormal behavior on the SGE-SR signal. However, the AHE
signals at different thickness of Co and Ni decrease as the FM layer get thicker.
In addition, the magnetization coercivity increases. These results suggest that
the magnetic properties of the PML are changing as when we grow thicker FM
on top of it ,which we believe is due to the stress. To mitigate the effect of
stress, we grow the FM layer in two separate process. As an example, to make
the sample with 30nm of Co we first grow the Ta/PML/Cu/15Co then we wait
for an hour or sometimes a day depends on how strong is the PML and the
FM layer type. This waiting time is for stress to be released. Afterword, we
deposit the 15nm of Co and the SiO2 capping layer to have sample with 30nm
of Co thickness. We measure the AHE signal for this sample and compare it
with the AHE signal for the sample grown in one process. We found that the
AHE voltage signal (red points in Figure 5.17) increases, which is consistent
with the signal generated from the sample with thin FM.
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Figure 5.17: The anomalous Hall signal gives an idea how is the perpendicular
anisotropy of the PML stable as we grow a thick FM on it. The black data
represents the AHE signal for sample prepared in one single process however
the red point represent the AHE signals for sample prepared in two processes.
Note how the AHE signal is enhanced when the FM grown in two processes
with waiting time between.

5.4.3

Results and Discussions

Figure 5.18 shows an exemplary SGE-SR signal measured perpendicular
to the conventional inverse hall effect parallel to the FM magnetization. In
order to eliminate any contribution from the conventional inverse hall effect,
the SGE-SR signals measured when the magnetization of PML is polarized in
the +z and -z direction are subtracting from each other as shown in Figure 5.18.

The SGE-SR signal is measured for samples with two different PMLs:
Pt(3)/Co(0.6), and Pt(3)/Co(0.4)/Ni(0.6) , where numbers in parenthesis are
the thicknesses in nanometer, with various thicknesses of three different FM
layer (Py, Co, Ni) as shown in Figure 5.19.

All data shows the same trend which confirm that the SGE-SR composite
of two contributions one coming from the FM layer and the other is from PML.
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Figure 5.18: Representative data of the SGE-SR for Py as the FM. The SGESR signal is the difference between the measured signal when the magnetization
of the PML along +z direction and along +z.
As mentioned earlier, the SGE-SR is positive when the FM is thin, however as
the FM get thicker the SGE-SR signal crosses zero then it saturates at negative
value. This behavior can be explained by Eq. (5.4.1) where the voltage signal
1
is negative
due to the spin current generated from the FM layer ∆VSGE−SR
11
whereas the voltage signal generated due to the PML ∆VSGE−SR
is positive.

Using Eq.(5.4.1) to fit Figure 5.15 with Levenberg-Marquardt algorithm, we
obtained the spin diffusion length in Py ,Co ,Ni , as well as the values of A
and V as defined in Eq. (5.4.2), shown in Table 5.2. The parameters used in
this fitting are shown in Table 5.1. where the conductivities are determined
from FM-thickness-dependent resistance measurement.
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Figure 5.19: The thickness dependence of the SGE-SR normalized by
the sheet resistance Rs and temperature difference ∆T .Py , Co , and
Ni are the layers with in-plane magnetization. PMl1 = Pt(3)/Co(0.6) ,
PML2 = Pt(3)/Co(0.4)/Ni(0.6). The red curve represents the fitting according to Eq. (2)
Table 5.1: Parameters used to fit equation 2 to the SGE-SR data in figure 5.18
σ × 106 Ω−1 m−1
P%
G↑↓ ×1015 Ω−1 m−2
Py

Co

Ni

4.8 7.2 6.9

Py [85]

Co [91]

Ni [96]

Co/Cu 0.4 [7]

50

45

33

Ni/Cu

0.82 [97]

In Table 5.2, we compare the A-ratio for the sample with same FM and
different PML with another A-ratio for different FM. As mentioned earlier, if
our model is accurate, the A- ratio should be the same in all three cases since
A=

(θR δ)PML1
(θR δ)PML2

is independent of the FM. However, while the A-ratios for Py

and Ni data are consistent, the A-ratio for Co is lower. This result suggests
that there are more subtleties in the modeling of the experiment which may
interpreted due to the short penetration depth of the transverse spin current.
In our experiment modeling, we assume that the penetration depth of the
transverse spin current length is smaller than 1nm in all FM (Py, Co, and Ni).
Based on this assumption we said the voltage signal detected in the FM layer
11
due to the spin current generated in the PML ∆VSGE−SR
is independent of the
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FM thickness. However, recently Taniguchi, T., et al. have determined the
spin penetration depth of the transverse spin current in Py to be 3.7 nm [98].
Our experiment modeling may need to involve this parameter which definitely
affect the estimated value of the A ratio.

Table 5.2: Spin diffusion length λFM , A value related to the spin dependent
Seebeck coefficient of the FM, and V is the voltage signal due to process two
V
λFM (nm) A(nA.mm)
(nA)
A ratio
R

5.5

Py/PML1

3.9 ± 0.2

−19.16 ± 0.8 1.8 ± 0.3

1.8 ± 0.3

Py/PML2

4.3 ± 0.2

−10.6 ± 0.2

1.4 ± 0.1

Co/PML1

3.9 ± 0.3

−17.9 ± 1.4

2.78 ± 0.4 1.3 ± 0.3

Co/PML2

4.4 ± 0.2

−13.7 ± 0.4

4.9 ± 0.1

Ni/PML1

4.6 ± 0.3

−45.9 ± 1.7

4.4 ± 0.7

Ni/PML2

4.7 ± 0.3

−21.7 ± 0.4

3.5 ± 0.8

2.1 ± 0.2

Conclusion

A ferromagnet with perpendicular anisotropy is used as a spin current
detector to disentangle the SSE signal from ANE via SGE-SR. Based on the
fact that SGE-SR contains two contributions, only one of which depends on
the FM layer thickness, the two contributions can be separated by fitting a FM
thickness-dependence of the SGE-SR signal. To corroborate our model, we use
more than one FM and PML and determine the ratio of the spin dependent
Seebeck coefficients for two different FMs. The results show that while Py and
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Ni are consistent with model, the result from Co is off. The present model we
proposed here needs more carful investigation.
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Chapter 6
Future Work
Quantifying the temperature gradient at each layer of our multilayer system is difficult due to the complication of thermal contact resistance. This
is the problem that everyone faces in the thermal-electric measurement with
perpendicular temperature gradient. In our system, we propose to use the
SGE − C signal which is dominated by the ANE for sample with thick Py to
calibrate the temperature gradient on Py during the SGE − SR measurement.
Using the SGE − C signal for sample with 40nmPy, we can use this relation
∇T =

VSGE−C Rs
lαN Rs−Py

to estimate the temperature gradient on Py. Here, Rs is

the sheet resistance of the whole sample stack, RsP y is the calculated sheet
resistance of Py based on the Py conductivity, l is the length of the sample,
αN is the ANE coefficient of Py. However, surprisingly, αN for Py is not a
well-agreed-on value and they vary by 2-3 orders of magnitude in literatures:
4.8 n V/K [36] and 2.6 µ V/K [3]. Thus, a separate measurement of ANE
coefficient with in-plane temperature gradient and out-of-plane magnetization
may give rise a more accurate value.
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Figure 6.1: Illustration of the proposed geometry and experimental setup to
measure ANE.
A film of 40 nm of Py deposited in a silicon substrate with a 1µm thermal
oxide surface layer and size 40mmnm. The measurement setup is shown in Figure 6.1. The two ends of the sample are clapped between two thin aluminum
blocks attached to two Peltier elements to generates an in-plane temperature
gradient. The Peltier elements are in contact with cooling blocks with circulating cooling water to help regulating the temperature stability. There is
an electromagnet to apply the out-of-plane magnetic field. The ANE voltage
measured along y-direction. A thermo-camera can give us an idea of the sample temperature since the temperature is applied across a mm distance instead
of nm in the out-of-plane temperature gradient.

The anomalous Nernst effect in Fe has been reported to have an opposite signal to that measured in Py, Co, and Ni [87, 99, 100]. This signal can
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be reversed via changing the thickness of Fe around 5 nm [100]. Thus, it is
interesting to investigate both behaviors of the SGE − C that is dominated by
ANE signal and the SGE-SR that is related to the spin Seebeck effect in Fe.
This can be done using Fe as a FM layer in our spin valve structure. Figure
6.2 shows preliminary results of the SGE − C signal for samples with Fe as
a ferromagnetic layer. The SGE − C signal changes its sign when the thickness of Fe is less than 2nm. This agrees with previous work in Fe that report
sign reverse and prove that the SGE − C signal is the ANE signal of the FM.
This result makes us wonder how the SGE-SR will behave with varying the Fe
thickness.

Figure 6.2: Illustration of the opposite behaviors of the SGE-C thicknessdependent of Py and Fe as free magnetic layers.
In the current research, we used a FM with perpendicular anisotropy
(PML) as a spin current detector. Both PML that we used shows similar
trend for the SGE − SR thickness dependent of the FM. CoGd as a ferrimagnetic alloy shows a strong perpendicular anisotropy. In addition, CoGd is a
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ferrimagnet, where Co and Gd magnetizations are antiferromagnetically coupled. Near a compensation temperature, the relative magnetization directions
of Co and Gd reverses, leading to a sudden change in anomalous Hall effect
and magneto-optic Kerr effect [101]. We expect the spin Seebeck effect and
spin galvanic effect with spin rotation will also reverse near the compensation
temperature, which are interesting hypothesis that could be verified in future
research.
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[16] I. Žutić, J. Fabian, and S. D. Sarma, “Spintronics: Fundamentals and
applications,” Reviews of modern physics, vol. 76, no. 2, p. 323, 2004.
[17] M. N. Baibich, J. M. Broto, A. Fert, F. N. Van Dau, F. Petroff, P. Etienne, G. Creuzet, A. Friederich, and J. Chazelas, “Giant magnetoresistance of (001) fe/(001) cr magnetic superlattices,” Physical review
letters, vol. 61, no. 21, p. 2472, 1988.
[18] G. Binasch, P. Grünberg, F. Saurenbach, and W. Zinn, “Enhanced
magnetoresistance in layered magnetic structures with antiferromagnetic
interlayer exchange,” Physical review B, vol. 39, no. 7, p. 4828, 1989.
[19] S. Piramanayagam, “Perpendicular recording media for hard disk
drives,” Journal of Applied Physics, vol. 102, no. 1, p. 2, 2007.
[20] E. Grochowski and R. F. Hoyt, “Future trends in hard disk drives,”
IEEE transactions on Magnetics, vol. 32, no. 3, pp. 1850–1854, 1996.
[21] R. Wood, “Future hard disk drive systems,” Journal of magnetism and
magnetic materials, vol. 321, no. 6, pp. 555–561, 2009.
[22] J. C. Slonczewski, “Current-driven excitation of magnetic multilayers,”
Journal of Magnetism and Magnetic Materials, vol. 159, no. 1-2, pp. L1–
L7, 1996.
[23] Z. Diao, Z. Li, S. Wang, Y. Ding, A. Panchula, E. Chen, L.-C. Wang, and
Y. Huai, “Spin-transfer torque switching in magnetic tunnel junctions
104

and spin-transfer torque random access memory,” Journal of Physics:
Condensed Matter, vol. 19, no. 16, p. 165209, 2007.
[24] Y. Huai et al., “Spin-transfer torque mram (stt-mram): Challenges and
prospects,” AAPPS bulletin, vol. 18, no. 6, pp. 33–40, 2008.
[25] A. Fert, “Nobel lecture: Origin, development, and future of spintronics,”
Reviews of Modern Physics, vol. 80, no. 4, p. 1517, 2008.
[26] F. J. Jedema, A. Filip, and B. Van Wees, “Electrical spin injection
and accumulation at room temperature in an all-metal mesoscopic spin
valve,” Nature, vol. 410, no. 6826, p. 345, 2001.
[27] C. Hahn, G. de Loubens, M. Viret, O. Klein, V. Naletov, and J. B.
Youssef, “Detection of microwave spin pumping using the inverse spin
hall effect,” Physical review letters, vol. 111, no. 21, p. 217204, 2013.
[28] C. W. Sandweg, Y. Kajiwara, A. V. Chumak, A. A. Serga, V. I.
Vasyuchka, M. B. Jungfleisch, E. Saitoh, and B. Hillebrands, “Spin
pumping by parametrically excited exchange magnons,” Physical review
letters, vol. 106, no. 21, p. 216601, 2011.
[29] B. Heinrich, C. Burrowes, E. Montoya, B. Kardasz, E. Girt, Y.-Y.
Song, Y. Sun, and M. Wu, “Spin pumping at the magnetic insulator
(yig)/normal metal (au) interfaces,” Physical review letters, vol. 107,
no. 6, p. 066604, 2011.
[30] K. Uchida, S. Takahashi, K. Harii, J. Ieda, W. Koshibae, K. Ando,
S. Maekawa, and E. Saitoh, “Observation of the spin seebeck effect,”
Nature, vol. 455, no. 7214, p. 778, 2008.
105

[31] K.-i. Uchida, H. Adachi, T. Ota, H. Nakayama, S. Maekawa, and
E. Saitoh, “Observation of longitudinal spin-seebeck effect in magnetic
insulators,” Applied Physics Letters, vol. 97, no. 17, p. 172505, 2010.
[32] G. E. Bauer, E. Saitoh, and B. J. Van Wees, “Spin caloritronics,” Nature
materials, vol. 11, no. 5, p. 391, 2012.
[33] J. Sinova, “Spin seebeck effect: Thinks globally but acts locally,” Nature
materials, vol. 9, no. 11, p. 880, 2010.
[34] T. Kikkawa, K. Uchida, Y. Shiomi, Z. Qiu, D. Hou, D. Tian,
H. Nakayama, X.-F. Jin, and E. Saitoh, “Longitudinal spin seebeck effect
free from the proximity nernst effect,” Physical review letters, vol. 110,
no. 6, p. 067207, 2013.
[35] T. Kikkawa, K. Uchida, S. Daimon, Y. Shiomi, H. Adachi, Z. Qiu,
D. Hou, X.-F. Jin, S. Maekawa, and E. Saitoh, “Separation of longitudinal spin seebeck effect from anomalous nernst effect: Determination
of origin of transverse thermoelectric voltage in metal/insulator junctions,” Physical Review B, vol. 88, no. 21, p. 214403, 2013.
[36] J. Holanda, O. A. Santos, R. Cunha, J. Mendes, R. Rodrı́guez-Suárez,
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Appendix A
Matlab Scripts to simulate spin current
distribution

A.1

In Py/Cu/NM

clear all ; close all ; clc ;

%d=l i n s p a c e ( 0 , 2 0 , 9 ) ;
d(1)=20;
% C r e a t i n g t he e q u a t i o n s and s o l v i n g them s y m b o l i c a l l y %
syms dnm dfm dpt lnm lfm l p t x y xx yy xxx yyy z1 z2 z3
m Jss z ;
s o l=s o l v e ( ’ −dfm ∗( exp ( z3 / lfm )∗ x/ lfm − exp(−z3 / lfm )∗ y/ lfm )
+J s s =0,
−dfm ∗( exp ( z2 / lfm )∗ x/ lfm − exp(−z2 / lfm )∗ y/ lfm )+ J s s =−dnm
∗( exp ( z2 /lnm )∗ xx/lnm − exp(−z2 /lnm )∗ yy/lnm ) ,
exp ( z2 / lfm )∗ x + exp(−z2 / lfm )∗ y = exp ( z2 /lnm )∗ xx + exp
(−z2 /lnm )∗ yy ,
−dnm∗( exp (m/lnm )∗ xx/lnm − exp(−m/lnm )∗ yy/lnm ) = −dpt ∗
( exp (m/ l p t )∗ xxx / l p t − exp(−m/ l p t )∗ yyy / l p t ) ,
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exp (m/lnm )∗ xx + exp(−m/lnm )∗ yy= exp (m/ l p t )∗ xxx + exp
(−m/ l p t )∗ yyy ’ ,
’−dpt ∗( exp ( 0/ l p t )∗ xxx / l p t − exp (−0/ l p t )∗ yyy / l p t )= 0 ’ ,
’ x ’ , ’ y ’ , ’ xx ’ , ’ yy ’ , ’ xxx ’ , ’ yyy ’ ) ; d i s p ( ’ The s y m b o l i c
v a l u e s f o r A, B, C ,D, E and F a r e t h e f o l l o w i n g : ’ ) ;
d i s p(’−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−’)

A=s o l . x
B=s o l . y
C=s o l . xx
D=s o l . yy
E=s o l . xxx
F=s o l . yyy

disp ( ’ ’)
d i s p(’−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−’)
disp ( ’ ’)
d i s p ( ’ The s y m b o l l i c v a l u e s f o r Jsnm , Jsfm and J s p t
a r e th e f o l l o w i n g : ’ ) ;
d i s p(’−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−’)
disp ( ’ ’)
Jsfm= −dfm ∗(A∗ exp ( z / lfm ) / lfm − B∗ exp(−z / lfm ) ) / lfm
+ Jss
Jsnm= −dnm∗(C∗ exp ( z /lnm ) / lnm − D∗ exp(−z /lnm ) ) / lnm
J s p t= −dpt ∗(E∗ exp ( z / l p t ) / l p t − F∗ exp(−z / l p t ) ) / l p t
117

%% I n p u t s :−
%−−−−−−−−−−
J s s = 1 . 8 5 e −9;
z1 = 4 ; % The v a l u e o f z a t th e i n t r f a c e Py/Cu boundary
condition .
m =3;
z2 = m+z1 ;
z3 = m+ z1 + d ; % The v a l u e o f z a t t h e top boundary
condition .
dfm = 4 . 8 e6 ;
dnm = 1 . 1 e7 ;
dpt = 4 e6 ;
lfm = 4 ;
lnm = 2 0 0 ;
lpt = 1.2;
n=300; % Number o f p o i n t s t o be used i n p l o t t i n g
t he graph .

%% The n u m e r i c a l v a l u e s f o r A, B, C , D , E and F:−
Anum = subs (A) ;
Bnum = subs (B ) ;
Cnum = subs (C ) ;
Dnum = subs (D) ;
Enum = subs (E ) ;
Fnum = subs (F ) ;
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f o r i =1:1: length (d)
z z ( i , : ) = l i n s p a c e (m, z3 ( i ) , n ) ;
f o r j =1:1: length ( zz )
i f z z ( i , j )<=z2
J ( i , j )= − dnm∗(Cnum( i )∗ exp ( z z ( i , j ) / lnm ) − Dnum( i )∗ exp
(− z z ( i , j ) / lnm ) ) / lnm ;
else
J ( i , j )= − dfm ∗(Anum( i )∗ exp ( z z ( i , j ) / lfm ) − Bnum( i )∗ exp
(− z z ( i , j ) / lfm ) ) / lfm + J s s ;

end
end
end

f o r i =1: l e n g t h ( z1 ) : 1
z z ( i , : ) = l i n s p a c e ( 0 , z3 ( i ) , n ) ;
f o r j =1: l e n g t h ( z z ) : 1
i f z z ( i , j )>=m
J ( i , j )= − dpt ∗(Enum( i )∗ exp ( z z ( i , j ) / l p t ) − Fnum( i )∗ exp
(− z z ( i , j ) / l p t ) ) / l p t ;
else
J ( i , j )= − dnm∗(Cnum( i )∗ exp ( z z ( i , j ) / lnm ) − Dnum( i )∗ exp
(− z z ( i , j ) / lnm ) ) / lnm ;

119

end
end
end
figure (1)
p l o t ( zz ’ , J ’ )
%l e g e n d ( ’ t o g g l e ’ )
hold on
g r i d on
xlabel ( ’z ’)
ylabel ( ’ J s ’)

% Defaults f o r t h i s blog post
width = 4 ;

% Width i n i n c h e s

height = 3;

% Height i n i n c h e s

alw = 2 ;

% AxesLineWidth

fsz = 18;

% Fontsize

lw = 2 ;

% LineWidth

msz = 1 2 ;

% MarkerSize

f o n t = ’ Times ’ ;
figure (2);
pos = g e t ( g c f , ’ P o s i t i o n ’ ) ;
s e t ( g c f , ’ P o s i t i o n ’ , [ pos ( 1 ) pos ( 2 ) width ∗100 , h e i g h t
∗100]);

%<− S et s i z e

s e t ( gca , ’ fontname ’ , f o n t , ’ FontSize ’ , f s z , ’ LineWidth ’
, alw ) ; %<− S et p r o p e r t i e s
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p l o t ( zz ’ , J ’ , ’ LineWidth ’ , lw , ’ MarkerSize ’ , msz ) ;
%<− S p e c i f y p l o t p r o p e r i t e s
x l a b e l ( ’ z (nm) ’ , ’ fontname ’ , ’ Times ’ ) ;
y l a b e l ( ’ Q {\ sigma } ’ , ’ fontname ’ , ’ Times ’ )
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A.2

In multilayer sample structure

clear all ; close all ; clc ;

%d=l i n s p a c e ( 0 , 2 0 , 9 ) ;
d(1)=3;
%% C r e a t i n g th e e q u a t i o n s and s o l v i n g them s y m b o l i c a l l y
f o r Py/NM/ SiO2 /NM/Py:−
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
syms dpy dcu dpt l p t l p y l c u x y xx yy xxx yyy z1 z2 z3
Jss z ;
s o l=s o l v e ( ’ −dpy ∗( x∗ exp ( z5 / l p y )−y∗ exp(−z5 / l p y ) ) / l p y +
J s s =0 ’ , ’
−dpy ∗( x∗ exp ( z4 / l p y )−y∗ exp(−z4 / l p y ) ) / l p y + J s s = −dcu ∗
( xx∗ exp ( z4 / l c u )−yy∗ exp(−z4 / l c u ) ) / l c u ’ ,
’ x∗ exp ( z4 / l p y )+y∗ exp(−z4 / l p y ) = xx∗ exp ( z4 / l c u )+yy∗ exp
(−z4 / l c u ) ’ ,
’−dcu ∗( xx∗ exp ( z3 / l c u )−yy∗ exp(−z3 / l c u ) ) / l c u = −ds ∗( xxx∗
exp ( z3 / l s )−yyy∗ exp(−z3 / l s ) ) / l s ’ ,
’ xx∗ exp ( z3 / l c u )+ yy∗ exp(−z3 / l c u ) = xxx∗ exp ( z3 / l s )+yyy∗
exp(−z3 / l s ) ’ ,
’− ds ∗( xxx∗ exp ( z2 / l s )−yyy∗ exp(−z2 / l s ) ) / l s=−dco ∗
( xxxx∗ exp ( z2 / l c o )−yyyy ∗ exp(−z2 / l c o ) ) / l c o ’ ,
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’ xxx∗ exp ( z2 / l s )+yyy∗ exp(−z2 / l s ) = xxxx ∗ exp ( z2 / l c o )
+yyyy ∗ exp(−z2 / l c o ) ’ ,
’−dco ∗( xxxx ∗ exp ( z1 / l c o )−yyyy∗ exp(−z1 / l c o ) ) / l c o = −dpt ∗
( xxxxx ∗ exp ( z1 / l p t )−yyyyy ∗ exp(−z1 / l p t ) ) / l p t + j s s ’ ,
’ xxxx ∗ exp ( z1 / l c o )+yyyy ∗ exp(−z1 / l c o )=xxxxx ∗ exp ( z1 / l p t )
+yyyyy ∗ exp(−z1 / l p t ) ’ ,
’−dpt ∗( xxxxx ∗ exp ( 0 / l p t )−yyyyy ∗ exp (−0/ l p t ) ) / l p t + J s s
= 0 ’ , x , y , xx , yy , xxx , yyy , xxxx , yyyy , xxxxx , yyyyy ) ;
d i s p ( ’ The s y m b o l i c v a l u e s f o r A, B, C ,D ,E , F , G, H, I ,
and J a r e t he f o l l o w i n g :

’);

d i s p(’−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−’)
A=s o l . x
B=s o l . y
C=s o l . xx
D=s o l . yy
E=s o l . xxx
F=s o l . yyy
G=s o l . xxxx
H=s o l . yyyy
I=s o l . xxxxx
J=s o l . yyyyy

disp ( ’ ’)
d i s p(’−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−’)
disp ( ’ ’)
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d i s p ( ’ The s y m b o l l i c v a l u e s f o r Jsnm , Jsfm and J s p t a r e
t he f o l l o w i n g : ’ ) ; d i s p(’−−−−−−−−−−−−−−−−−−−’)
disp ( ’ ’)
Jspy= −dpy ∗(A∗ exp ( z / l p y ) − B∗ exp(−z / l p y ) ) / l p y + J s s
Jscu= −dcu ∗(C∗ exp ( z / l c u ) − D∗ exp(−z / l c u ) ) / l c u
JsS= −ds ∗(E∗ exp ( z / l s ) − F∗ exp(−z / l s ) ) / l s
J s c t= −d ct ∗(G∗ exp ( z / l c u ) − H∗ exp(−z / l c u ) ) / l c u
J s p t= −dpt ∗( I ∗ exp ( z / l p t ) − J∗ exp(−z / l p t ) ) / l p t+ J s s

%% I n p u t s :−
%−−−−−−−−−−
J s s = 1 . 8 5 e −9;
z1 = 3 ; % The t h i c k n e s s o f Pt .
m =3; % The t h i c k n e s s o f

Cu

z2 = m+z1 ;
S = 2;
z3 = S+z2 ;
mc = 3 ;
z4 = mc + z3 ;
z5 = z4 + d ; %

a t th e bottom boundary c o n d i t i o n .

dpy = 4 . 8 e6 ;
dcu = 1 . 1 e7 ;
dco = 2 . 4 5 e6 ;
dpt = 4 e6 ;
ds =0;
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lpy = 4;
lcu = 200;
lco = 1.5;
lpt = 1.5;
l s =0;
n=200; % Number o f p o i n t s t o be used i n p l o t t i n g
t he graph .

%% The n u m e r i c a l v a l u e s f o r A, B, C , D , E and F:−
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Anum = subs (A) ;
Bnum = subs (B ) ;
Cnum = subs (C ) ;
Dnum = subs (D) ;
Enum = subs (E ) ;
Fnum = subs (F ) ;
Gnum = subs (G) ;
Hnum = subs (H ) ;
Inum = subs ( I ) ;
Jnum = subs ( J ) ;

f o r i =1:1: length (d)
z z ( i , : ) = l i n s p a c e ( 0 , z3 ( i ) , n ) ;
f o r j =1:1: length ( zz )
i f z z ( i , j )<=z2 && z z ( i , j )>z1 % This c o n d i t i o n i s
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f o r Cu l a y e r
J ( i , j )= − dcu ∗(Cnum( i )∗ exp ( z z ( i , j ) / l c u ) −Dnum( i )
∗ exp(− z z ( i , j ) / l c u ) ) / l c u ;
e l s e i f z z ( i , j )<=z1 && z z ( i , j )>=0 % This c o n d i t i o n i s
f o r Pt l a y e r
J ( i , j )= − dpt ∗(Enum( i )∗ exp ( z z ( i , j ) / l p t ) − Fnum( i )
∗ exp(− z z ( i , j ) / l p t ) ) / l p t + J s s ;
e l s e % This c o n d i t i o n i s f o r th e Py l a y e r
J ( i , j )= − dpy ∗(Anum( i )∗ exp ( z z ( i , j ) / l p y ) − Bnum( i )
∗ exp(− z z ( i , j ) / l p y ) ) / l p y + J s s ;
end
end
end

figure (1)
p l o t ( zz , J )
%l e g e n d ( ’ t o g g l e ’ )
hold on
g r i d on
xlabel ( ’z ’)
ylabel ( ’ J s ’)

% Defaults f o r t h i s blog post
width = 4 ;

% Width i n i n c h e s
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height = 3;
alw = 2 ;

% Height i n i n c h e s
% AxesLineWidth

fsz = 18;
lw = 2 ;

% Fontsize
% LineWidth

msz = 1 2 ;

% MarkerSize

f o n t = ’ Times ’ ;
figure (2);
pos = g e t ( g c f , ’ P o s i t i o n ’ ) ;
s e t ( g c f , ’ P o s i t i o n ’ , [ pos ( 1 ) pos ( 2 ) width ∗100 ,
h e i g h t ∗ 1 0 0 ] ) ; %<− S et s i z e
s e t ( gca , ’ fontname ’ , f o n t , ’ FontSize ’ , f s z ,
’ LineWidth ’ , alw ) ; %<− S et p r o p e r t i e s
p l o t ( zz ’ , J ’ , ’ LineWidth ’ , lw , ’ MarkerSize ’ , msz ) ;
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y l a b e l ( ’ Q {\ sigma } ’ , ’ fontname ’ , ’ Times ’ )
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Figure B.1: Paper published in Applied Physics Letters
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Figure B.2: Paper published in Physics Letters A
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